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Nitrogen oxides (NOx) are atmospheric pollutants that pose a serious threat to both the 
environment and human health. Although catalytic deNOx technologies for engines 
working under stoichiometric air-to-fuel ratios (i.e., most gasoline engines) are already 
available, their performance is unsatisfactory under excess air conditions like those under 
which diesel engines operate.  
 
The selective catalytic reduction of NOx with hydrocarbon reductants (HC-SCR) is a 
potential deNOx solution for diesel engines, whose operating temperatures are 150-500 
ºC. Given that is unlikely for a single catalyst to show acceptable activity throughout this 
entire temperature span, the use of two catalysts is proposed in this dissertation. Whereas 
several catalysts active at high temperatures (>300 ºC) are already available, a catalyst 
showing an acceptable performance at low temperatures (<300 ºC) is yet to be found.  
 
Platinum group metals (PGMs) supported on activated carbon have been identified as 
promising low temperature HC-SCR catalysts. However, these materials show three 
main drawbacks: 1) the propensity of the carbon support to undergo combustion in an 
oxidizing environment, 2) a narrow temperature window of operation; and 3) a high 
selectivity towards N2O (as opposed to N2). 
 
To address the first limitation, the use of multi-walled carbon nanotubes (MWCNTs) as 
the support has been investigated and found to yield catalysts displaying a higher 
resistance to oxidation. Further, the acid activation of MWCNTs prior to their use as 
catalyst support has been explored, following reports than link carrier acidity with 
improved catalyst performance. In turn, the use of PGM alloys as the active phase has 
been examined as a means to improve catalyst activity and selectivity. 
 
Additionally, kinetic, spectroscopic and mechanistic studies have been performed in an 
attempt to probe structure-activity relationships in the MWCNTs-based formulations 
showing the best deNOx performance. The fundamental insights gained through these 
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studies may inform further improvements to HC-SCR catalysts. Finally, the synthesis of 
the most promising formulations has been scaled-up using commercial metal monoliths 
as the catalyst substrate and the resulting monolithic catalysts have been tested in a diesel 
engine for activity in the HC-SCR reaction. 
 
KEYWORDS: NOx, Selective Catalytic Reduction, Hydrocarbons, Platinum Group 
Metals, Multi-walled Carbon Nanotubes. 
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Chapter 1. General Introduction. 
 
Environmental catalysis has been defined as  “a collection of chemical processes that use 
catalysts to control the emission of environmentally unacceptable compounds” [1]. This 
field, which was virtually nonexistent before 1976, has grown into a multi-billion dollar 
worldwide business during the past three decades [2]. In the automotive industry, 
heterogeneous catalysts are used to accomplish the conversion of pollutants into more 
benign substances at high rates and reasonable temperatures, therefore achieving cost-
effective pollution control.  
 
It is a well-known fact that nitrogen oxides (NOx) are atmospheric pollutants that pose a 
serious threat to both the environment and human health. The three-way catalyst (TWC), 
which gets its name from the fact that it addresses three different pollutants (NOx, CO 
and hydrocarbons) simultaneously, is quite effective at reducing NOx emissions from 
engines working under stoichiometric air-to-fuel ratios (i.e., most gasoline engines). 
However, its performance is unsatisfactory under excess air conditions like those under 
which diesel engines operate (vide infra). This is because in the TWC, at stoichiometry, 
CO and hydrocarbons (HCs) can act as reducing agents for NOx; whereas under oxidizing 
conditions, the conversion of both CO and HCs into CO2 is favored. 
 
The use of hydrocarbons as reductants in the Selective Catalytic Reduction (HC-SCR) of 
NOx has been proposed as a possible solution for mobile NOx emission control under 
such lean conditions. Given that the operating temperatures of light duty diesel (LDD) 
engines (LDD engines are those used in passenger vehicles of up to about 3.5 tonnes or  
8,500 pounds in weight in Europe and in American States other than California, 
respectively [3]) typically range from ~150 ºC to ~500 ºC, it is very unlikely that a single 
catalyst can be developed showing acceptable activity throughout this entire temperature 
span. Therefore, the use of a system in which two catalysts would be placed in parallel 
(with gas switching to ensure the use of the appropriate catalyst depending on the exhaust 
gas temperature) is proposed in this dissertation.  One of these catalysts would operate in 
the ~150 to 300 ºC temperature range, while the other would be used for exhaust gas 
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temperatures ranging from ~300 to 500 ºC. Whereas several catalysts active in this high 
temperature span are already available, a catalyst active across the low temperature range 
proposed above is yet to be found. Supported Platinum Group Metals (PGMs) show the 
best performance at low temperatures. However, these catalysts possess two main 
drawbacks that have to be addressed, namely, a narrow temperature window of operation 
and a high selectivity towards N2O. Thus, the research described in this dissertation had 
two main goals: 1) to develop a catalyst with improved low temperature performance; 
and 2) to derive fundamental insights that will assist in furthering the development of 
HC-SCR catalysts. 
 
In the present chapter, NOx is defined, some of the environmental and health problems it 
causes are mentioned, and its sources are classified and compared vis-à-vis their relative 
contribution to total NOx emissions. Further, NOx emission regulations and some control 
technologies are addressed. Finally, the novel dual catalyst technique for NOx reduction 
in an oxidative environment described above is discussed in more detail. 
 
1.1. NOx as a threat to health and the environment. 
The term NOx makes reference to two oxides of nitrogen: NO (nitric oxide) and NO2 
(nitrogen dioxide).  N2O (nitrous oxide) does not form part of what one would term NOx, 
but it is important to keep this compound in mind given that it is a stratospheric source of 
NO and a very powerful greenhouse gas (its global warming potential (GWP) is 300 
times that of CO2 over a hundred year time span) [4-7]. Figure 1.1 shows how the 
formation and emission of nitrogen oxides to the atmosphere and their subsequent 
reactions therein are among the main features within the cycling of nitrogen in the 
environment. 
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Figure 1.1. The cycling of nitrogen in the environment. PAN= peroxyacyl nitrates 
(R-COOO-NO2). Nitrogen Oxides Control Technology Fact Book by Leslie L. Sloss, 
1992, Noyes Data Corp./William Andrew Inc. Reprinted with permission. 
 
NOx has been proven to contribute to a variety of environmental and health-related 
problems, some of which are also illustrated in Figure 1.1. When emitted to the 
troposphere, NOx is involved in a series of photochemical reactions that lead to ozone 
formation. In turn, tropospheric ozone is known to contribute to both global warming and 
smog formation [8]. On the other hand, the NO that reaches the stratosphere, together 
with the NO that is produced in that region of the atmosphere by the in situ 
decomposition of N2O, is the cause of about half the stratospheric ozone depletion [9]. 
NOx is also oxidized in the atmosphere to higher oxides that include HNO2, HO2NO2 and 
HNO3 [10], which are also involved in the process of smog formation and, because of 
their acidic properties, can be blamed for ~30 % of the total acidification of rain (the 
other ~70 % being caused by SOx) [11]. Obviously, ground level NOx can be inhaled by 
humans, thus causing a variety of problems in the respiratory system, such as bronchitis 
and pneumonia. Further, NOx has been proven to cause alterations to the immune system 
that can lead to a heightened susceptibility to viral infections [12]. Finally, one must 
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consider the carcinogenicity that both NO and some products formed during atmospheric 
reactions that involve NOx have been found to possess [13,14]. 
 
1.2. Sources of NOx. 
NOx has both natural and anthropogenic sources. In nature, it is produced by lightning, 
volcanic activity, the microbial decomposition of proteins in soils and forest fires. On the 
other hand, human activity produces these compounds in all combustion processes where 
the temperatures are high enough for nitrogen in the air or in the fuel to be oxidized. In 
fact, as can be seen in Figure 1.2., processes involving the combustion of fossil fuels 
represent the main source of NOx emissions in the United States (Figure 1.3 illustrates the 
proportion in which different regions in the world have contributed and are projected to 
contribute to global combustion-generated NOx emissions). This is not surprising, since 
the vast majority of the energy requirements of mankind are satisfied by processes that 
involve the combustion of fossil fuels, something that is not likely to change in the near 
future. 
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Figure 1.2. NOx emissions in the United States by source sector based on the most 
recent inventory (2002) [7]. 
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Figure 1.3. Regional contribution (%) to global NOx emissions from combustion  
[15]. 
 
Taking this into account, it is unrealistic to deal with the problem of NOx pollution by 
eliminating the anthropogenic sources of NOx altogether and therefore, the post-emission 
conversion of these noxious pollutants into innocuous gases appears to be the best 
solution to this problem. 
 
1.3. Removal of NOx. 
Anthropogenic sources of NOx can be categorized into stationary and mobile. In turn, 
mobile sources can be further classified depending on the air-to-fuel ratio under which 
they operate. Thus, mobile NOx sources can be 1) stoichiometric; 2) rich (excess fuel); or 
3) lean (excess oxygen). As mentioned above, for rich or stoichiometric conditions, the 
three-way catalyst is quite efficient at reducing NOx, along with hydrocarbons and carbon 
monoxide emissions. However, its deNOx performance is disappointing under lean 
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conditions such as the ones under which diesel engines operate (the air/fuel ratio in diesel 
engines is rarely less than 22 [2] and can be as high as 50 [3]), as can be seen in Figure 
1.4.   
 
 
Figure 1.4. Three-way catalyst (TWC) performance determined by engine air to fuel 
ratio. Reprinted from Applied Catalysis A: General, Vol. 221, R.H. Heck, R.J. 
Farrauto, Automobile exhaust catalysts, Pages No. 443-457, Copyright (2001), with 
permission from Elsevier. 
 
This is unfortunate, since diesel engines show fuel efficiencies 20-40 % higher than those 
of gasoline-fuelled engines. This increased fuel economy, combined with the recent 
interest in reducing carbon emissions to curb global warming, explains the growing 
number of LDD engine vehicles, which are also more durable than gasoline engines and 
deliver greater torque. However, diesel fuelled vehicles contribute ~63 % and ~27 % of 
particulate matter (PM) and NOx emissions, respectively [16]. The use of diesel fuels 
with sulfur levels below 0.05 % has enabled the diesel oxidation catalyst (DOC) to 
achieve reductions of ~20 % of PM [17], but the relatively high NOx emissions are yet to 
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be addressed. Therefore, the oxygen rich streams produced by diesel-fuelled engines 
represent major sources of NOx that must be treated in order to comply with ever more 
stringent emission standards. Parenthetically, the current American set of standards for 
light-duty vehicles defined in the Clean Air Act Amendments (CAAA) of 1990 is known 
as the Tier 2 standards and was adopted on December 21, 1999, with a phase-in 
implementation schedule from 2004 to 2009 [18]. When fully implemented in 2009, the 
average NOx emissions of the entire light-duty vehicle fleet sold by each manufacturer 
has to meet the average NOx standard of 0.07 g/mi when tested according to the Federal 
Test Procedure-75 (FTP-75) [19]. The FTP-75 is used for emission certification of LDD 
vehicles in the United States and its cycle consists of three segments (a cold start, a 
transient phase and a hot start), as shown in Figure 1.5. 
 
 
Figure 1.5. The FTP-75 cycle [20]. Source: DieselNet.com. Figure reprinted with 
permission. 
 
Other basic parameters of the cycle include a distance travelled of 11.04 miles (17.77 
km), a total duration of 1,874 seconds and an average speed of 21.2 mph (34.1 km/h). 
The emissions from each phase must be collected in a separate teflon bag, analyzed and 
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expressed in g/mile (g/km). The weighting factors are 0.43, 1.0 and 0.57 for the cold 
start, the transient phase and the hot start phase, respectively. 
 
The Selective Catalytic Reduction of NOx using ammonia as the reductant (NH3-SCR) is 
known to be a very effective approach for the abatement of NOx emissions from 
stationary sources. Indeed, NH3-SCR has been so successful at removing NOx from these 
sources (even under excess oxygen conditions) that several efforts have been made to 
apply this technology to mobile sources. However, several issues, namely the 
transportation of ammonia through residential areas, equipment corrosion, lack of 
refueling infrastructure, need of on board diagnostics to control injection and the risk of 
unreacted ammonia being emitted to the environment, have made this impractical. Since 
urea can be hydrolyzed into ammonia, its use as an alternative carrier is being explored. 
However, even though this would solve many of the aforementioned problems it would 
leave some others unsolved, most notably the risk of ammonia slippage. Thus, the 
removal of NOx produced by mobile sources has proven to be a technological challenge. 
The Selective Catalytic Reduction of NOx using hydrocarbons as reductants offers itself 
as a potential deNOx alternative. 
 
1.4. Lean deNOx via HC-SCR. 
HC-SCR uses a catalyst to facilitate the reaction between NOx and a hydrocarbon 
reductant in the presence of excess oxygen. Using propene as a model hydrocarbon, the 
ideal HC-SCR reaction would have the form: 
 
   4NO + 2C3H6 + 7O2  6CO2 + 6H2O + 2N2 (1.1) 
 
However, other undesired reactions can also take place: 
 
   4NO + 2C3H6 + 5O2  6CO + 6H2O + 2N2O (1.2) 
   2C3H6 + 9O2  6CO2 + 6H2O (1.3) 
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Reaction (1.2) is undesirable given that it represents an incomplete redox reaction which 
produces two noxious gases: CO and N2O. Reaction (1.3) is undesired given that it 
consumes the hydrocarbon reductant by a reaction with oxygen, which is present in the 
exhaust in large excess.  
 
HC-SCR was independently reported for the first time in 1990 by Iwamoto [21,22] and 
Held [23]. These two authors observed that Cu-ZSM-5 was capable of reducing NOx with 
hydrocarbons when excess oxygen was present. Unfortunately, although this and other 
zeolitic catalysts show a high initial deNOx activity, they have a variety of drawbacks, 
namely a narrow deNOx temperature window, low hydrothermal stability, low resistance 
to sulfur poisoning and an undesirable selectivity towards CO. With the aim of finding a 
material that shows high deNOx activity across a wide temperature window, along with a 
good selectivity towards N2 and CO2, and acceptable durability, literally thousands of 
materials have been investigated for HC-SCR activity [24]. Unfortunately, no such 
material has been found to date.  
 
The following chapter in this thesis aims at presenting the state of the art of HC-SCR by 
reviewing the relevant scientific literature that has been published about the subject. 
Special emphasis is made on the pros and cons of catalysts that have been found to be 
promising throughout the years. 
 
1.5. A novel technique for NOx reduction in an oxidative environment. 
The main and recurrent problem observed in materials active towards the HC-SCR 
reaction is the narrow deNOx temperature window in which they show acceptable NOx 
conversion. This problem arises because, at high temperatures, the total combustion of 
the hydrocarbon, represented by reaction (1.3), is favored and this renders those 
formulations capable of activating the hydrocarbon at low temperatures unsuitable. 
Taking this into account, along with the fact that typical LDD engines show exhaust 
temperatures ranging from 150 to 500 ºC, it is unlikely that a single catalyst can be 
developed that shows acceptable deNOx activity across this entire temperature range.  
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The use of two catalysts, one active in the low temperature (LT) range (150-300 ºC) and 
another in the high temperature (HT) range (300-500 ºC), is a potential solution to this 
problem. These two catalysts could be placed in series and a dual injection system could 
be used to direct the fuel upstream either of the LT or the HT catalyst. However, this 
configuration, which is shown schematically in Figure 1.6, has been investigated in the 
past with disappointing results [25].  
 
 
Figure 1.6. Series catalysts with dual injection configuration for application of dual 
HC-SCR catalysts. DPF= diesel particulate filter. 
 
Alternatively, the two catalysts could be placed in parallel in a setup similar to that shown 
in Figure 1.7, in which a gas-switching valve would ensure the use of the appropriate 
catalysts based on the exhaust gas temperature.  
 
 
Figure 1.7. Parallel catalysts with exhaust gas switching configuration for 
application of dual HC-SCR catalysts. DPF= diesel particulate filter. 
 
Several reasons can be invoked in order to support the proposition that this last 
configuration should exhibit improved performance: 1) if the HT catalyst preceded the 
LT formulation, the former would act like a heat sink, delaying the light-off of the latter; 
2) placing the two formulations in series would prevent the use of hydrocarbons present 
Fuel 
injection 
HT catalyst LT catalyst 
LDD engine 
DPF 
Fuel 
injection 
LT catalyst 
HT catalyst 
LDD engine 
DPF 
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in the exhaust by both catalysts (given that they would be adsorbed at low temperatures 
by the HT formulation); 3) a single fuel injector is required when the catalysts are placed 
in parallel; 4) a dual injector system would lead to a poorer mixing of the fuel with the 
exhaust gas and therefore to an uneven fuel distribution over the catalysts; and 5) placing 
the catalysts in parallel and setting a maximum temperature for the LT formulation would 
minimize the thermal aging and increase the durability of the latter. 
 
It could be argued that the use of a gas-switching valve represents a potential drawback 
of the proposed system. However, such a device is already being used in the Mercedes-
Benz CLK 200 CGI [26]. Further, the design of a switching valve with no moving parts 
has also been described recently [27]. 
 
Obviously, the effectiveness of this dual catalyst system would be limited by the 
performance of the LT and HT formulations used. Unfortunately, although high 
temperature formulations showing satisfactory activity, selectivity and durability, such as 
In2O3/Al2O3 or Ag/Al2O3, are already available [28], this is not the case for low 
temperature formulations. 
 
1.6. Carbon nanotube supported PGMs as low temperature HC-SCR catalysts. 
Supported PGMs are the best low temperature HC-SCR catalysts developed so far 
(maximum activities of >90 % achieved at temperatures as low as 200 ºC have been 
reported for catalysts with a 1 wt.% metal loading and a weight hourly space velocity 
(WHSV) of 12,000 mL · h-1 · g-1) [29]). However, as mentioned above, these catalysts 
possess two main drawbacks: 1) a narrow temperature window of activity; and 2) a high 
selectivity towards N2O. A third drawback shown by PGMs supported on activated 
carbon (one of the catalysts that shows the best low temperature deNOx performance) is 
the propensity of the support to undergo combustion. Given that multiwalled carbon 
nanotubes (MWCNTs) have a higher resistance to oxidation compared to other forms of 
carbon [30], their use as catalytic support should help in addressing this last problem. 
Further, compared to oxidic supports, MWCNTs may also offer the advantage of keeping 
the supported PGMs in a more reduced state, which in turn may increase activity. 
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With respect to the metallic phase, Pt is the most active PGM for low temperature HC-
SCR, although Rh and Ir have also been found to be catalytically active. Therefore, the 
alloying of PGMs is also of interest, given that the use of PGM alloys as an active phase 
may further improve the performance of MWCNTs-based catalysts. 
 
1.7. Scope of the dissertation. 
As stated above, the goal of the research described in this thesis is twofold: 1) to develop 
an improved low temperature HC-SCR catalyst; and 2) to derive fundamental insights 
that will assist in the future development of HC-SCR catalysts.  
 
The following chapter of this dissertation provides a literature review of HC-SCR lean 
deNOx strategies in which special attention is given to the catalysts developed to date, 
their advantages and their disadvantages. 
 
The third chapter focuses on multiwalled carbon nanotubes, the material chosen as the 
catalyst support for these studies. In this chapter, the physical and chemical properties of 
MWCNTs are considered, in particular those that are relevant to catalysis. An overview 
of the method by which this material is synthesized is also given. Emphasis is placed on 
the surface modification of MWCNTs, a step that has been reported to assist the 
deposition of highly dispersed metal particles onto the surface of this support. 
 
In the fourth chapter, the preparation of PGM/MWCNTs catalysts is discussed. Several 
methods by which the deposition of PGMs on MWCNTs was attempted are described, as 
is the characterization of the resulting materials. The preparation and characterization of 
reference catalysts is also addressed. 
 
The fifth chapter covers the testing of the prepared powder catalysts for activity in the 
HC-SCR reaction. A comparison of their activity-selectivity curves is included, along 
with the kinetic parameters determined for the formulations found to be most promising 
in catalyzing the reduction of NOx with propene.  
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In chapter six, experiments performed in order to probe the relationship between catalyst 
structure and catalytic performance are described. Special emphasis is placed on the 
insights provided by the use of spectroscopic techniques. 
 
The seventh chapter includes both a literature review of the mechanistic studies 
performed in the past on precious metal HC-SCR catalysts and the results of transient 
studies performed to probe the reaction mechanism on MWCNTs-based formulations.  
 
The eighth chapter of this thesis covers the preparation and characterization of 
PGMs/MWCNTs monolithic catalysts, along with their testing on a LDD engine. 
 
A synopsis and an assessment of all the results reported in this thesis are given in the 
ninth chapter. Additionally, future lines of research are suggested in this final section.  
 
Finally, the most common abbreviations used throughout this dissertation are included in 
the Appendix titled List of Abbreviations.  
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 2. Selective Catalytic Reduction of Nitrogen Oxides with Hydrocarbons. 
 
2.1. Introduction. 
Diesel engines are known to be reliable, durable, easy to maintain, inexpensive to operate 
and fuel-efficient [31]. This last attribute has heightened the relevance of diesel engines 
in recent times, given that increased fuel efficiency, which translates into lower carbon 
emissions, might help to curb global warming. 
 
The high fuel efficiency of diesel engines originates from their principle of operation, 
which is that fuel is injected into a chamber containing highly pressurized air where the 
temperature is high enough for combustion to take place. This compression-ignited 
process used in diesel engines differs from the spark-ignited process of gasoline-fuelled 
engines in two main points: 1) a vast excess of oxygen needs to be present in the 
combustion mixture (in order to shift the reaction equilibrium to the right in the absence 
of a spark); and 2) the combustion is considerably cooler. The latter point explains why 
less NOx (and more particulate matter) is produced by diesel engines, while the former 
explains why NOx emissions from diesel engines are more difficult to treat. 
 
A variety of strategies have been used to address the problem of treating NOx emissions 
from lean exhaust gases, most of which involve the use of a heterogeneous catalyst 
capable of reducing NOx in an oxidizing atmosphere [32]. Mainly because of its ease of 
installation and operation, the selective catalytic reduction of NOx using hydrocarbons as 
reductants (HC-SCR) has been found to be one of the most propitious lean deNOx 
technologies.  
 
In this chapter, the HC-SCR formulations that have been found to be most promising 
throughout the years are reviewed, along with their respective advantages and 
disadvantages. 
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2.2. HC-SCR fundamentals. 
Recapitulating what has already been stated in the introductory chapter of this 
dissertation, HC-SCR involves the use of a catalyst to facilitate the reaction between NOx 
and a hydrocarbon reductant in an oxidizing environment. The ideal HC-SCR reaction, 
when propene is used as the hydrocarbon reducant, would have the form: 
 
   4NO + 2C3H6 + 7O2  6CO2 + 6H2O + 2N2 (2.1) 
 
However, other undesired reactions can also occur: 
 
   4NO + 2C3H6 + 5O2  6CO + 6H2O + 2N2O (2.2) 
 
   2C3H6 + 9O2  6CO2 + 6H2O (2.3) 
 
What makes reaction (2) undesirable is that it represents an incomplete redox reaction in 
which two noxious gases (CO and N2O) are produced. Reaction (1.3) is undesired 
because it consumes the hydrocarbon reductant by a reaction with oxygen, which is 
present in the exhaust in large excess. Indeed, in diesel exhausts, the oxygen 
concentration (5-10 %) is well above the ppm levels in which both NOx and HCs are 
present. Therefore, the use of a catalyst is indispensable to favor the reaction of NOx with 
HCs, which would otherwise react with O2 [16]. The fact that a particular formulation 
favors reactions (2.1) and (2.2) over reaction (2.3), is what makes the reduction carried by 
the catalyst “selective”. The terms “selective” and “non-selective” were introduced at an 
early stage of the development of Cu-ZSM-5 lean deNOx catalysts by Iwamoto and 
Hamada [14]. These authors termed “non-selective” catalysts those which in the presence 
of oxygen were unable to reduce NOx and could only oxidize the hydrocarbon [33]. By 
inference, a “selective” catalyst is one which in the presence of oxygen favors the 
reaction between the hydrocarbon and NOx over its combustion by oxygen.  
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2.3. HC-SCR catalysts used throughout the years. 
In the previous chapter it was stated that HC-SCR was independently reported for the 
first time in 1990 by Iwamoto and Held. However, as early as 1979 Ritscher and Sandner 
had reported the simultaneous occurrence of NOx reduction and CO and HC oxidation in 
excess air on Cu/high-silica zeolites  [12,34]. Further, Held and Koenig proposed in a 
1987 patent that the reduction of NOx in an oxidative environment is carried by CO 
formed by the partial oxidation of hydrocarbons present in the exhaust [35]. Thus, 
although the proposed intermediacy of CO was eventually abandoned, these patents can 
be considered the first reports of a catalyst active in the HC-SCR reaction in the scientific 
literature. Indeed, all of the aforementioned authors observed that metal-containing 
zeolites and supported Cu catalysts were capable of reducing NOx with hydrocarbons 
when excess oxygen was present. 
 
2.3.1. Zeolitic catalysts. 
Through research inspired by these reports, Hamada et al. discovered that the protonated 
form of several zeolites was active in the NO reduction with C3H8 at 300 ºC in the 
presence of 10 % O2 [36]. Notably, the use of C3H6 in place of C3H8 was found to lower 
the reaction temperature to 200 ºC and to yield CO2 as the exclusive oxidation product. In 
subsequent publications, these workers reported that alumina was also active in NO 
reduction at 400 ºC (with 100 % conversion to CO2 at 600 ºC) [37] and that sulfated 
TiO2, ZrO2 and Fe2O3 solid superacids afforded 50 % conversion of NO to N2 when C3H8 
was used as the reductant [38]. 
 
After reporting in 1991 that Cu-ZSM-5 (a copper-exchanged aluminosilicate pentasil 
zeolite) was capable of catalyzing NO reduction by C2H4, C3H6, C3H8 and C4H8 in the 
presence of oxygen with only minor SO2 effect on catalyst performance, Iwamoto and co-
workers proceeded to report the improved reduction of NO by C2H4 under oxidizing 
conditions at 200 ºC on a Fe-mordenite catalyst [39]. The use of these zeolite-supported 
catalysts for NOx abatement from a diesel engine exhaust was also reported [37]. 
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These discoveries led to a period of intense research on the development of HC-SCR 
catalysts and by 1994 over 200 patents had been published in this area [40]. In the case of 
zeolite-supported HC-SCR catalysts, workers soon discovered that although short-term 
NOx conversions up to 95 % could be obtained, the relatively poor durability of the 
zeolitic supports represented a major drawback. Indeed, several factors conspire to limit 
the use of these materials in practical applications: 1) an undesirable selectivity towards 
CO [41]; 2) an unacceptably low hydrothermal stability [33]; and 3) low activity in the 
presence of H2O and SO2 [42]. Some authors have found zeolitic catalysts to display 
acceptable resistance to sulfur-poisoning under dry conditions [43], while other workers 
have suggested the existence of synergistic effects between SO2 and water which cause 
the deactivation of Cu-ZSM-5 catalysts through the formation of CuSO3 and CuSO4 [44]. 
The latter seems to be consistent with the fact that metal cations tend to migrate out of the 
pores of the zeolites upon hydrothermal aging, becoming more vulnerable to sulfur-
poisoning.  
 
2.3.2. Supported platinum group metal catalysts. 
These limitations of zeolite-based materials prompted the search for alternatives and, as 
early as 1993, supported platinum groups metals (PGMs) were shown to be promising 
HC-SCR catalysts. Indeed, Obuchi et al. found that under real diesel exhaust conditions, 
PGMs supported on γ-alumina not only showed a higher activity at a lower temperature 
than Cu-ZSM-5, but also showed improved durability [44]. Unfortunately, since the early 
stages of their study as HC-SCR catalysts, supported PGMs have been know to have a 
challenging drawback, namely, their limited selectivity to N2 as opposed to N2O. 
Throughout the years, a variety of approaches to improve the N2-selectivity of these 
catalysts have been attempted [45,46], however, reductions in the N2O make have only 
been modest and N2-selectivity remains a shortcoming of supported PGM HC-SCR 
catalysts to this day. As mentioned in the previous chapter, another widely documented 
limitation of these catalysts is their narrow temperature window of operation [47-51], 
which typically ranges from 200 to 250 ºC [29]. Above 250 ºC, the catalysts tend to favor 
the combustion of the hydrocarbon (reaction (2.3)) over its reaction with NOx (reactions 
(2.1) and (2.2)). Vis-à-vis the temperature window of operation of supported these 
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catalysts, the full width at half maximum (FWHM) has been shown to be ~50 ºC by 
Burch and Millington, who also determined alumina-supported base metal oxides to show 
much wider activity windows (FWHM≈ 200 ºC) and comparable deNOx activities to 
those of supported PGM formulations, although at higher temperatures [52].  
 
2.3.3. Supported base metal oxide catalysts. 
Alumina-supported base metal oxides can be considered the third main class of catalysts 
which are active for HC-SCR. The use of these materials as HC-SCR catalysts offer 
several advantages, namely, a remarkable stability at elevated temperatures, an efficient 
use of the hydrocarbon as reductant and a high N2-selectivity. However, the water and 
sulfur-tolerance of supported base metal oxides appears to be less than ideal, although 
this depends on the nature of the catalyst, the water and SO2 concentration and even on 
the reductant used [53]. Nevertheless, the main disadvantage shown by this type of 
catalyst is that NOx reduction activity is confined to high temperatures, typically in excess 
of 350 ºC. Thus, supported base metal oxides are unsuitable for LDD applications due to 
their lack of low temperature deNOx activity. Nevertheless, these materials could prove 
useful if used in combination with other formulations active in the low-temperature 
regime, as stated in the previous chapter. With this in mind, the most promising catalyst 
of this type appears to be In2O3/Al2O3. Indeed, Hamada et al. have systematically tested a 
number of metal oxides supported on alumina for activity in NOx reduction with propene 
and found In2O3 to show the best overall performance [28]. 
 
Silver supported on alumina has also attracted considerable interest given its high activity 
and selectivity in the HC-SCR reaction [53]. Meunier et al. have shown bare alumina to 
be active for C3H6-SCR and very N2-selective, but only at very high temperatures (well 
above 500 ºC). These authors have also found 1.2 % Ag/Al2O3 to show a similar 
performance, albeit shifted to lower temperatures (~500 ºC). In turn, 10 % Ag/Al2O3 is 
also active at even lower temperatures (~350 ºC), yet highly selective for N2O production 
[54]. Interestingly, these and other workers have assigned these activity patterns to the 
presence of different catalytically phases, large metallic silver particles and small silver 
oxide clusters being responsible for the behavior of the high and the low loaded 
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materials, respectively [55-57]. However, although these results appear promising, 
several factors hamper the utilization of these catalysts in automotive applications, such 
as concerns about the long term susceptibility of Ag/Al2O3 to poisoning by SO2 and the 
lack of low temperature (<300 ºC) HC-SCR activity shown by this material [28]. 
 
2.4. HC-SCR on supported PGM catalysts. 
2.4.1. Monometallic PGM catalysts. 
Thus, of the three main classes of HC-SCR catalysts, viz., zeolitic materials, supported 
base metal oxides and supported PGM, the latter remain the most promising HC-SCR 
formulations (in spite of their aforementioned limitations) due to their well-documented 
high activity at low temperatures [47,52,58-63], their hydrothermal stability [33,50,64] 
and their resistance to sulfur-poisoning [44,65]. Hence, intense effort have been focused 
on the identification of the support and the metal (or combination of metals) with the best 
low-temperature HC-SCR performance, in an attempt to develop a carrier-PGM 
composite showing maximum NOx conversion and N2-selectivity. Although oxidic 
supports (mainly zeolites, alumina and silica) have been customarily used as carriers in 
supported PGM-catalysts, activated carbon (AC) has been the subject of several recent 
studies [29,66-68]. Through these studies, Salinas-Martínez de Lecea, Illán-Gómez, 
García-Cortés et al. have found Pt/AC catalysts to be superior (more active and more N2-
selective) to Pt/Al2O3 in the NOx reduction with C3H6, which has been attributed by these 
workers to the higher degree of acidity of the support. However, these authors also 
encountered a problem with the use of AC as support, namely its tendency to be oxidized 
by NO2, the onset of which typically occurs at approximately 250 ºC.  
 
With respect to the active phase, all of the PGMs (Ru, Rh, Pd, Os, Ir and Pt) have been 
investigated for activity in the HC-SCR reaction. 1 % Ru/Al2O3 has been reported to 
show a maximum NOx conversion at 300 ºC when tested under model reactants. 
However, when activity tests were performed on a 0.15 % Ru/Al2O3 catalyst using real 
exhaust gas, the conversion observed was negligible [44]. It appears that Ru is 
susceptible to SO2-deactivation, although the phenomenon might have been exacerbated 
by the low metal loading used in the tests involving real exhaust gas. Pd HC-SCR 
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catalysts have been shown to have an interesting behavior: although they exhibit rather 
low NOx conversion and N2-selectivity (1 % Pd/Al2O3 has been reported to show a 
maximum NOx conversion of 25 % at 250 ºC and a selectivity towards N2O of ca. 50 % 
[52]), their temperature window of operation is remarkably broad, ranging from ~200 to 
~300 ºC [69]. With respect to Ir, maximum NOx conversions of 10-20 % at 350-400 ºC 
have been reported for a 1 % Ir/Al2O3 catalyst [44,52]. More recently, 1 % Ir/SiO2 
catalysts have been proven able to achieve higher NOx conversions (>50 %) with 
remarkable N2-selectivity (>90 %). However, the latter only occurs in temperatures in 
excess of 600 ºC [70]. Ir catalysts have been used by Mitsubishi for lean burn vehicles 
sold in Europe [71], however, this is no longer the case. This is in part due to concerns 
surrounding the volatility of IrO3 at high temperatures, which can result in loss of Ir from 
the catalyst.  
 
Most of the research on supported PGMs HC-SCR catalysts involve the use of Pt or Rh 
as the catalytically active phase. Indeed, the work done involving these two metals is so 
extensive (particularly for Pt [47,58-60,72-82]), that it is difficult to assess the catalytic 
performance of supported Pt or Rh catalysts due to the great variation within the 
supports, metal loadings, reductants and experimental conditions used in different 
studies. With respect to supported Pt catalysts, NOx conversions as high as 90 % at 
temperatures as low as 200 ºC have been reported for both 1 % Pt/zeolites and 1 % Pt/AC 
[29]. However, more modest activities are typically reported for alumina-supported Pt 
(one of the most intensively studied HC-SCR catalysts), 1-3 % Pt/Al2O3 materials 
showing maximum NOx conversions between 50 and 60 % at temperatures ranging from 
250 to 270 ºC [44,52,83]. Further, tests performed using real exhaust gas have proven 0.5 
% Pt/Al2O3 to afford a maximum NOx conversion of 40 % at 290 ºC [44]. Reports on the 
selectivity of supported Pt HC-SCR catalysts also show a degree of variability, however, 
N2O-selectivity values are typically around 50 % at the temperature of maximum NOx 
conversion [44,47,52,83]. On the other hand, 1-3 % Rh/Al2O3 catalysts have been 
reported to display maximum NOx conversions between 35 and 50 % at temperatures 
ranging from 300 to 350 ºC [44,52,83]. Interestingly, results of activity tests performed 
using real exhaust gas showed 0.5 % Rh/Al2O3 to achieve a maximum NOx conversion of 
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12 % at 350 ºC [44]. This drop in activity when real exhaust gas is used has also been 
observed in an identical experiment involving Pt/Al2O3 (vide supra), although the 
magnitude of the activity loss was considerably smaller. With regards to the selectivity 
shown by supported Rh HC-SCR catalysts, it has been reported that up to 90 % of the NO 
converted by Rh/Al2O3 is turned into N2 [44]. Indeed, there seems to be a consensus in 
the scientific literature pointing to the fact that although supported Rh catalysts require 
higher temperatures to achieve lower NOx conversion maxima when compared to similar 
Pt catalysts, formulations with Rh as the active phase display wider activity windows of 
operation and show better N2-selectivity across the whole temperature range [14,50,83-
85]. Finally, the use of Os as HC-SCR catalyst has only been attempted in combination 
with Cu. Although a 13X zeolite-supported 10 % Cu – 1 % Os material exhibited NO 
conversion to N2 of 54-68 % at 350-500 ºC, the catalyst was shown to become severely 
and irreversibly deactivated when exposed to water or SO2 [86].  
 
2.4.2. Multimetallic PGM catalysts. 
Although the above Cu-Os catalyst is not the only example of PGMs being used in alloys 
to catalyze the HC-SCR reaction, to date there has been relatively little research directed 
at identifying PGM alloys able to reduce NOx with hydrocarbons under net oxidizing 
conditions. This is unfortunate, given the fact that the alloying of different PGMs (Pt and 
Rh, for example) could potentially lead to the development of an active phase able to 
achieve high deNOx activity at low temperatures (as Pt is capable of delivering) as well as 
a wide temperature window of operation and high N2-selectivity (as those displayed by 
Rh). Indeed, this was the rational that led Obuchi et al. to investigate the performance of 
supported Pt-Rh alloys in the HC-SCR reaction [44]. A series of Pt:Rh ratios were 
examined by these workers, who found a 0.75 % Pt – 0.25 % Rh/γ-Al2O3 catalyst to show 
the highest NO conversion (around 60 % at 250 ºC, compared to 50 % for Pt and Rh 
monometallic catalysts at 250 and 300 ºC, respectively). This alumina-supported 3:1 Pt-
Rh alloy displayed a selectivity towards N2 of ~45 % (in contrast to the 33 and 90 % N2-
selectivities shown by the Pt and Rh monometallic catalysts, respectively). These authors 
concluded that the catalytic properties of the 3:1 Pt-Rh/γ-Al2O3 formulation were similar 
to those of monometallic Pt catalysts, but according to their results there was a slight 
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improvement on both conversion and selectivity (which was attributed to the ability of 
the alloy catalyst to maximize the amount of partially oxidized hydrocarbon 
intermediates). This behavior was also confirmed when the results of activity tests 
performed using real diesel exhaust gas and a 0.2 % Pt – 0.05 % Rh honeycomb catalyst, 
were compared to those obtained using a 0.2 % Pt honeycomb catalyst. Other examples 
of the use of supported PGM alloys as HC-SCR catalysts include the finding by some 
workers that in the fresh state zeolite- and alumina-supported Pt-Rh alloys show 
enhanced activity over monometallic Pt catalysts [87]. However, upon hydrothermal 
aging at 600 ºC, the performance of the Pt-Rh catalyst declines significantly, whereas 
Pt/Al2O3 shows only a small decline at this temperature [88]. A related trimetallic system 
comprises Pt-Rh-Ir supported on ZSM-5, which was developed for Mazda 323 lean burn 
vehicles sold in the Japanese market [89]. Testing of various PGM combinations gave the 
order Pt-Rh-Ir > Pt-Ir > Pt > Ir for NOx reduction activity at 300 °C (using propene as the 
reductant).  N2O make over the Pt-Rh-Ir catalyst was reported to be negligible and 
although some deactivation was observed upon aging the catalyst at 700 °C, durability 
was said to be adequate for the application.  Unfortunately data pertaining to the state of 
the metals in the catalyst were not provided, so it is not clear if Pt-Rh-Ir alloy particles 
are indeed the active sites (as opposed to mono or bimetallic particles). Additionally, 
some ASEC patents [90,91] have claimed the use of Pt-Rh and Pt-Rh-Co alloys for HC-
SCR. Although the alloy catalysts were shown to be superior to reference Pt/Al2O3 
catalysts, the method of catalyst preparation (as used for both the alloy and Pt reference 
catalysts), involving treatment at 1100-1200 °C in 10 % steam/N2 to promote alloy 
formation, can be expected to exert a detrimental effect on both the surface area of the 
support and the metal dispersion. 
 
In conclusion, virtually all categories of catalysts including ion-exchanged zeolites, metal 
and supported metal catalysts, monocrystals and mixed phases, both acidic and basic 
oxides and mixed oxides, heteropolyacids, alloys and amorphous alloys, membranes and 
monolithic catalysts, etc., have been probed for activity in the HC-SCR reaction [14]. 
However, of all the catalysts investigated, only a few have been found to show promising 
performance. Of these, supported PGMs appear to have the greatest potential for 
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commercial application, due to their high activity at low temperatures, their hydrothermal 
stability and their resistance to sulfur-poisoning. Among the latter, the use of a 3:1 Pt-Rh 
alloy catalyst could be particularly advantageous if sufficiently protected from 
hydrothermal aging.  Furthermore, the use of a carbon-based support, rather than an 
oxide, may be beneficial by helping to maintain the Pt-Rh alloy in a more reduced state, 
given that over-oxidation of Rh is well-known in three-way catalysis as a cause of 
(reversible) deactivation (RhIII being significantly less active in NOx reduction than 
RhI/Rh0). 
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 3. Multiwalled Carbon Nanotubes as Catalyst Supports. 
 
3.1. Introduction. 
Since their “rediscovery” by Ijima in 1991 [92,93], carbon nanotubes (CNTs) have 
attracted considerable interest from the scientific community. A single-walled carbon 
nanotube (SWCNT) can be described as a hollow tube whose wall is formed by a 
graphene sheet and ends are capped by one half of a Buckminsterfullerene (C60).  
 
Figure 3.1. Schematics of the three different kinds of SWCNTs: (a) armchair; (b) 
zigzag; and (c) chiral. Reprinted from Physics Reports, Vol. 431, E.B. Barros, A. 
Jorio, G.G. Samsonidze, R.B. Capaz, A.G. Souza Filho, J. Mendes Filho, G. 
Dresselhaus, M.S. Dresselhaus, Review on the symmetry-related properties of 
carbon nanotubes, Pages No. 261-302, Copyright (2006), with permission from 
Elsevier. 
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It is possible for larger diameter carbon nanotubes to surround smaller nested ones, the 
result being a multi-walled carbon  nanotube (MWCNT). MWCNTs can have as many as 
20-30 concentric walls or as few as two, as is the case with double-walled carbon 
nanotubes (DWCNTs).  
 
Figure 3.2. High-resolution transmission electron micrograph of a MWCNT with 
∼20 concentric walls [94]. 
 
The diameter of MWCNTs varies from a couple to tens of nanometers (10-9 m) and their 
length from micrometers (10-6 m) to millimeters (10-3 m), which gives them very high 
aspect ratios and a one-dimensional nature.  
 
This nanostructure inherent to MWCNTs gives rise to a host of mechanical, electronic, 
magnetic and optical properties that have inspired the use of these materials in a wide 
range of fields. Of relevance is the fact that CNTs can be counted amongst the strongest 
materials in nature, as exemplified by their Young’s modulus of ca. 1 TPa and their 
tensile strength in the tens of GPa [95-97]. These and other mechanical properties shown 
by MWCNTs have led to their use as mechanical probes [98] and as a reinforcing agent 
in composite materials [99]. Also of interest is that CNTs can act either as a 
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semiconductor or as a metal, the metallic form being able to carry extraordinarily high 
electron densities (10 GA/cm2) [100]. In energy-related areas, their electronic properties 
have prompted research which aims at incorporating MWCNTs in fuel cells, super-
capacitors and lithium batteries [101-104], while their porosity and adsorption properties 
have rendered them potential hydrogen storage materials [102]. Further, the anisotropy of 
MWCNTs makes them strongly diamagnetic materials [105,106], whose application in 
the field of spintronics has been investigated [107]. Moreover, suspension-polymer 
composites of MWCNTs have been found to show strong nonlinear optical properties 
[108-112], which makes these composites interesting as materials capable of protecting 
optical sensors from laser beam radiation [110].  
 
Indeed, the applications that have been investigated for this allotropic form of carbon are 
as numerous as they are varied. In the field of catalysis, one of the most interesting 
employments of CNTs has been their use as catalyst supports. This is unsurprising, since 
the use of other carbonaceous materials (especially activated carbons) to stabilize a 
catalytically active phase is quite commonplace. The ubiquity of activated carbons (ACs) 
in catalysis can be attributed to the important advantages that these materials enjoy over 
oxidic supports, such as their ability to stabilize metal particles in a more reduced state 
and their resistance to both sulfur poisoning and hydrothermal deactivation. However, 
while CNTs share with ACs most of the properties that make the latter interesting as 
catalyst supports (high surface area, stability under reducing conditions, the ability to 
support highly dispersed metals, and a modifiable surface chemistry that can be tailored 
for a variety of applications), CNTs also offer some distinct advantages over ACs. These 
include rendering the dispersed metal particles more accessible (as opposed to ACs, 
CNTs do not confine deposited particles in a pore system), the ability to be grown on 
substrates of varied shape and composition, and a higher resistance to oxidation. The 
latter advantage is particularly important for the application of the material as support in 
HC-SCR catalysts, since the occurrence of this reaction entails highly oxidizing 
conditions. In effect, CNTs-based formulations have not only proved suitable for 
catalyzing representative reactions relevant to the fine chemicals industry [113] and to 
fuel cell technology [114], but they have also proved they can outperform AC-supported 
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catalysts in doing so. Examples of these reactions include the selective partial 
hydrogenation of 3-methyl-2-butenal (prenal) to 3-methyl-2-butenol (prenol) [113], the 
liquid-phase hydrogenation of cynnamaldehyde [115], CO hydrogenation to methane and 
hydrogenation of p-nitrotoluene to p-toluidine [116], oxygen reduction [117,118], and the 
dissociative adsorption of H2 followed by electron transfer and proton formation [119]. 
The fact that superior performances than those displayed by AC-based catalysts can be 
obtained through the use of the corresponding CNTs-supported materials is particularly 
relevant to the preparation of an improved low-temperature HC-SCR formulation, 
because some of the best catalysts found to date utilize AC as a support material 
[29,66,120]. 
 
3.2. Experimental Methods. 
3.2.1. CVD synthesis of MWCNTs. 
A solution of ferrocene in xylenes with a 0.75 Fe:C atomic ratio was prepared, preheated 
to 175 ºC, and continuously fed by a syringe pump into a two-stage horizontal quarz tube 
reactor (34 mm inner diameter) kept at 800 ºC and at 1 in of H2O pressure above 1 
atmosphere. The volatilized liquid was then swept through the reactor using a flow of 10 
% H2 in Ar. After 2 h, both preheater and furnace are allowed to cool to room temperature 
under a flow of Ar. The resulting MWCNTs are then scraped of the walls of the reactor 
tube and of the surface of quartz substrates placed within the reactor prior to the run. 
 
3.2.2. Functionalization of MWCNTs with a mixture of 1:1 H2SO4-HNO3. 
15 g of MWCNTs were suspended in a mixture of 750 mL of H2SO4 and 750 mL of 
HNO3 via bath sonication for 30 min. The resulting suspension was refluxed for 4 h, 
allowed to cool, mixed with an equal volume of deionized water and allowed to settle. 
The supernatant was then decanted and replaced by an equal volume of deionized water. 
The resulting suspension was filtered and the cake was washed with deionized water and 
allowed to dry in a vacuum oven. The dry product was then pulverized, re-suspended in 
deionized water via bath sonication for 30 min and washed by a cycle of centrifuging, 
decanting and suspending in deionized water until the washings attained a neutral pH, at 
which point the supernatant was decanted and the solid dried in a vacuum oven.  
 29 
 
3.2.3. Elemental analyses. 
Elemental analyses were performed either by combustion (Leco CHN-200 for carbon, 
hydrogen and nitrogen and ELTRA CS-500 for carbon and sulfur) or via Energy        
Dispersive X-ray Spectroscopy (EDS) analyses performed converging the beam of the 
transmission electron microscope (vide infra). 
 
3.2.4. Surface analyses. 
Porosity analyses via N2 physisorption were conducted at the boiling temperature of 
nitrogen (77 K) using a Micromeritics Tristar 3000 analyzer. Prior to nitrogen adsorption 
the samples were degassed at 160 ºC for 15 h. Surface area was subsequently calculated 
using the Brunnauer-Emmett-Teller (BET) equation. 
 
3.2.5. Transmission Electron Microscopy (TEM) analyses. 
To prepare samples for TEM, a small amount of the material was first dispersed in the 
appropriate solvent (acetone and o-xylene for alumina-supported and MWCNTs-based 
catalysts, repectively) via bath sonication for 5 min. A drop of the resulting dispersion 
was then placed on a 200 mesh lacey carbon-copper grid and the solvent was allowed to 
evaporate in a vacuum oven. TEM observations were performed using a JEOL 2010F 
field emission analytical transmission electron microscope operated at an accelerating 
voltage of 200kV, coupled to a Gatan Imaging Filter. The electron beam had a point-to-
point resolution of 0.2 nm.  
 
3.2.6. Attenuated Total Reflectance Infrared (ATRIR) analyses. 
A Nicolet Nexus 870 FTIR system with an ATR accessory including a diamond crystal 
was employed to analyze the acid-functionalized MWCNTs. To identify the peaks 
corresponding to the introduced functionalities, the spectrum of untreated MWCNTs was 
acquired and subtracted from the spectra of acid-treated MWCNTs. 
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3.2.7. X-ray photoelectron spectroscopy (XPS) analyses. 
XPS measurements were performed on a Kratos AXIS HSi instrument equipped with a 
charge neutralizer and monochromated Al Kα X-ray source. Spectra were recorded at 
normal emission using an analyzer pass energy of 40 eV and an X-ray power of 144 W 
and were energy referenced CHx at 285 eV. Peak analysis was performed using Casa-
XPS Version 2.1.9 software with all spectra Shirley-background subtracted prior to 
fitting. Components for the O 1s and C 1s regions were fitted with a Gaussian-Lorentzian 
mix or an asymmetric Doniach-Sunjic lineshape respectively. The elemental composition 
was calculated from the respective atomic sensitivity factors for C (0.278), O (0.780), S 
(0.668) and N (0.477). 
 
3.2.8. Thermogravimetric analyses. 
Thermogravimetric measurements were made using a TA Instruments Q500 analyzer. In 
all cases the total gas flow was 50 mL/min and the temperature was ramped from room 
temperature to 800 ºC at a rate of 5 ºC/min.  
 
3.3. Preparation of support materials. 
As a first step, a batch of MWCNTs was prepared using a chemical vapor deposition 
(CVD) method developed by Andrews et al. at the University of Kentucky Center for 
Applied Energy Research (UK CAER) [121]. This method involves the use of ferrocene 
as the metal catalyst precursor and xylenes as the organic feedstock. In a typical 
synthesis, the reactants are flowed through a horizontal reactor kept at ~800 ºC by a 
carrier gas (10 % H2 in Ar). At this temperature, the ferrocene decomposes and iron 
nanoparticles start depositing on any surface available inside the reactor (quarz substrates 
are routinely used). These iron nanoparticles catalyze the growth of CNTs, the final 
product being thick mats of MWCNTs of uniform length aligned perpendicular to the 
substrates. These mats can be scraped off the substrate to yield MWCNTs in a powder 
form. The conversion of carbon in the feed materials into MWCNTs is ~70 %, while the 
purity of the resulting MWCNTs is >95 % (purity being defined as the amount of carbon 
in multi-walled carbon nanotube form and amorphous carbon being the most prevalent 
impurity). MWCNTs prepared by this method show dominant tube diameters in the range 
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30-50 nm, typical tube lengths of 65 µm and an iron content of 5 wt.% (iron catalyst 
particles remain encapsulated in the MWCNTs).  
 
For catalytic applications, MWCNTs are usually first treated with a strong mineral acid 
or mixture of acids to introduce oxygen-containing functional groups onto their surface. 
Although not essential, this treatment is generally beneficial for the dispersion of the 
supported phase since these functionalities can act as nucleation sites when depositing 
metals or metal oxides. This acid activation of CNTs has been postulated to occur in two 
steps: a defect-generating step and a defect-consuming step [122]. In the former, 
electrophilic addition begins to occur at the most reactive sites of the CNTs (-CH2, -CH, 
heptatomic rings and the boundaries between hexatomic rings), effectively introducing 
oxygen-containing functional groups such as –OH and -C=O to the surface of the tube; in 
the latter step, the graphene structure surrounding these functionalities is eroded via 
further oxidation, effectively etching the surface of the tube. Fortunately, the defect 
generating-step is considerably faster than the defect-consuming step (the generation of -
C-OH functionalities and their transformation into -C=O is much more expeditious than 
the subsequent disruption of the graphite-like structure around the resulting –C=O 
groups), so the overall graphitic structure of the CNTs remains. Reflux in H2SO4-HNO3 
has been found to be quite effective at disrupting the graphite structure because the 
mixture produces electrophilic NO2+ groups which can efficaciously attack -C=C- 
moieties (as do OH+ electrophiles produced in H2SO4-H2O2 mixtures) [122]. The 
nanotubes resulting from this chemical treatment have been found to be uncapped and to 
show a high concentration of carboxylic groups at the open ends [123]. In general, the 
tips and the outer walls of MWCNTs submitted to chemical oxidation with mineral acids 
are known to be covered by a variety of oxygen-containing functional groups [124-128]. 
This is particularly convenient when the final use of these materials is to support a highly 
dispersed metallic phase, since metal ions can be anchored by these functionalities prior 
to their reduction, thus aiding in the production of small metal nanoparticles.  
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Figure 3.3 schematically shows how these functionalities are introduced to both the 
outer-wall and the tip of a MWCNT, and Figure 3.4 illustrates how these functionalized 
multi-walled nanotubes (fMWCNTs) can nucleate precious metal particles.  
 
 
 
 
 
 
 
 
Figure 3.3. Schematic of carbon nanotube functionalization with acid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Schematic of Pt deposition on acid activated MWCNTs [129]. 
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To prepare a suitable support, several literature-based procedures were studied for the 
acid activation of the as-synthesized MWCNTs. Procedures utilized comprised (i) 
treatment with refluxing HNO3 [130], (ii) refluxing with 1:1 H2SO4-HNO3 [129], (iii) 
treatment with 1:1 H2SO4-HNO3 under ultrasound irradiation [131], and (iv) refluxing 
with 3:1 H2SO4-HNO3 [132].  In the case of methods (i)-(iii) the resulting fMWCNTs 
were readily isolated by filtration, whereas the material prepared according to method 
(iv) could not easily be isolated by filtration or centrifugation.  We speculate that the 
surface oxidation of the MWCNTs is so effective in this case that the MWCNT bundles 
are broken up into very small units (possibly individual nanotubes), a process which is 
presumably driven by the high degree of solvation of the oxidized nanotubes.  Given 
typical MWCNT dimensions (30-50 nm in diameter x 65 µm in length), this renders their 
isolation problematic; although use of a 20 nm filter does permit their isolation by 
filtration, the process is extremely time-consuming.  For this reason, this activation 
method was not pursued in subsequent work. 
 
3.4. Characterization of support materials. 
Characterization of the fMWCNTs resulting from procedures (i)-(iii) was accomplished 
using nitrogen physisorption (for determination of the surface area), titration with NaOH 
(to quantify the concentration of acid groups present), elemental analysis (via 
combustion), and Transmission Electron Microscopy - Energy Dispersive X-ray 
Spectroscopy (TEM-EDS).  Results of the elemental analysis are summarized in Table 
3.1, EDS analysis is given in Table 3.2, and N2 physisorption data and titration results are 
collected in Table 3.3.   
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Table 3.1. Elemental analysis (by combustion) of pristine and acid-treated 
MWCNTs. 
Sample / treatment %C %H %N %S %O(1) % Ash 
As synthesized nanotubes 93.12 <0.01 0.19 - <0.01 7.69 
HNO3-treated (4 h reflux) 97.01 0.01 0.25 - 0.58 2.15 
1:1 H2SO4-HNO3-treated  
(2 h bath sonication) 93.32 0.15 0.32 0.15 1.64 4.42 
1:1 H2SO4-HNO3-treated  
(4 h reflux) 
88.4 0.42 0.27 0.12 7.15 3.64 
(1) Determined by difference, i.e., wt.% O = 100 – wt.%[C + H + N + S + ash].  
 
Table 3.2. EDS analysis of pristine and acid-treated MWCNTs. (1) 
Sample / treatment %C %S %O %Si(2) 
As synthesized nanotubes >99.5 - n.d.(3) n.d. 
HNO3-treated (4 h reflux) >98.6 - n.d. 0.9 
1:1 H2SO4-HNO3-treated (2 h bath sonication) 95.3 2.4 1.6 0.8 
1:1 H2SO4-HNO3-treated (4 h reflux) 88.4 0.12 7.15 n.d. 
(1) Element concentrations in wt.%; figures given represent the average of at least three 
measurements performed on different sample areas.   
(2) Impurity associated with the presence of silicone grease.  
(3) Not detected. 
 
Table 3.3. Surface properties of pristine and acid-treated MWCNTs. 
Sample / treatment 
Surface 
area 
(m2/g) 
Pore 
volume 
(cm3/g) 
NaOH 
titration: acid 
eq. neutralized 
(meq/g) 
As synthesized nanotubes 42.1 0.182 0.02 
HNO3-treated (4 h reflux) 51.2 0.160 0.40 
1:1 H2SO4-HNO3-treated (2 h bath sonication) 46.5 0.182 0.59 
1:1 H2SO4-HNO3-treated (4 h reflux) 59.2 0.272 0.77 
 
Taken as a whole, these data present a consistent picture.  The presence of oxygen in the 
activated nanotubes is indicative of surface oxygen-containing groups, while the 
detection of increased concentrations of nitrogen suggests the presence of nitro (-NO2) 
groups (presumably resulting from electrophilic substitution reactions of NO2+) 
[133,134].  
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Similarly, the use of H2SO4 during the activation procedure results in the incorporation of 
sulfur in the product MWCNTs, presumably present as sulfonic acid groups (-SO3H) 
[135].  
 
The results of aqueous titrations provided further evidence for the introduction of acidic 
groups onto the nanotubes.  Given that NaOH was used as the titrant, the measured acid 
concentrations in each case correspond to the total number of carboxylic, phenolic and 
lactonic groups present (since each of these functionalities is titrated by NaOH [136]).  
Based on the measured acid site concentrations, the severity of the treatment follows the 
order 1:1 H2SO4-HNO3/reflux > 1:1 H2SO4-HNO3/ultrasound > HNO3/reflux.  This 
ordering is broadly supported by the results of elemental analyses as reflected in the 
measured oxygen concentrations (determined by TEM-EDS and combustion analyses).  
Acid treatment also results in a reduction in the ash content of the samples, indicative of 
acid-leaching of the residual iron particles present in the MWCNTs (the MWCNTs 
having been grown via an iron-catalyzed process [121] and the ash left by the combustion 
analysis being iron oxide formed from these residual iron particles).  
 
N2 physisorption measurements show an increase in the surface area of the MWCNTs 
after activation, consistent with tube opening via acid attack at the semi-fullerene capped 
ends [129] and with the etching of the MWCNTs outer surface. The latter phenomenon 
was confirmed by TEM. Figure 3.5 shows the etched outer wall of a MWCNT subjected 
to treatment with refluxing 1:1 H2SO4-HNO3. 
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Figure 3.5. TEM image showing the disruption of the MWCNT graphene structure 
as a result of acid treatment (1:1 H2SO4-HNO3 reflux for 4 h). 
 
Infrared spectroscopic studies were performed in order to determine which functionalities 
had been introduced onto the MWCNTs. Figure 3.6 shows the Attenuated Total 
Reflectance Infrared (ATRIR) spectra of MWCNTs activated by the different acid 
treatments.  
Etching of the outer MWCNT 
graphene sheets can be clearly 
seen.  Additionally, in several 
places there is evidence for 
peeling of the sheets.  
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Figure 3.6. Background corrected ATRIR spectra of 1:1 H2SO4-HNO3 treated 
MWCNTs (top: 3 h bath sonication at room temperature; middle: 4 h reflux; 
bottom: 3 h bath sonication at 60 ºC) showing different functionalities introduced 
onto the MWCNTs. 
 
Four main peaks in the spectra can be correlated to oxygen containing functionalities 
introduced by the activation: a peak around 3740 cm-1 (not shown) may be caused by the 
O-H stretch in a carboxylic acid functionality (although the possibility of this stretch 
being caused by physisorbed water cannot be discounted); the peak around 1750 cm-1 can 
be assigned to the C=O stretch in lactonic or carboxylic groups; the peak around 1600 
cm-1 can be assigned to nitro groups [133]; and the peak around 1260 cm-1 is most readily 
assigned to the C-O stretch in carboxylic or phenolic groups. Peng et al. have reported 
 38 
bands attributed to the stretching modes of  -SO3H groups at 1743, 1384 and 1090 cm-1 in 
sulfonated MWCNTs analyzed via FTIR [135]. In the spectra shown in Figure 3.6 these 
bands seem to be present, even though they are not very intense. However, the latter is in 
agreement with both the intensity of the bands observed by Peng and coworkers and the 
results of elemental analyses (which indicated fMWCNTs to have fairly low amounts of 
sulfur).  It is also interesting to note that more intense peaks are observed in the sample 
that underwent a more aggressive activation, indicating that higher concentrations of 
functionalities are introduced by harsher acid treatments. 
 
With respect to the infrared data, the comparison between the ATRIR spectra shown in 
Figure 3.6 and Fourier Transform Infrared (FTIR) spectra previously reported in the 
literature for acid treated MWCNTs is quite straightforward, since the spectra tend to 
share the features corresponding to oxygen containing functionalities such as carboxylic, 
phenolic and lactonic groups [137,138] in the 1000-2000 cm-1 region. Unfortunately, a 
comparison between the characterization data obtained through other techniques with 
those reported in the literature is rendered difficult by a variety of factors. First, the 
different morphologies of the MWCNTs used as the starting material may impact the 
properties of the corresponding functionalized materials. Further, given the number of 
variables that can be changed within an activation method (acid mixture employed, the 
use of sonication vs. reflux, sonication or reflux time, reflux temperature, etc.) there are 
countless possible experimental permutations. Indeed, great variability is observed within 
the fMWCNTs characterization data reported in the scientific literature. Given that 
MWCNT acid functionalization is rarely an end in itself, most workers seem to have 
taken an utilitarian approach in which a particular activation is deemed acceptable if the 
resulting material can be successfully employed in a subsequent step (metal deposition, 
composite formation, further functionalization, etc.). Based on this approach and on the 
ease of recovery of the products of the different acid treatments attempted, the 1:1 
H2SO4-HNO3/reflux activation method can be deemed satisfactory. Nevertheless, Table 
3.4 offers a comparison of the C:O ratio between fMWCNTs obtained through this 
method with the products of similar acid activations reported in the literature. 
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Table 3.4.  A comparison of different acid activation methods with regard to the 
oxygen content of the resulting materials. 
 
Starting 
material 
Activation 
method 
C:O atomic 
ratio 
Characterization 
technique Reference 
MWCNTs 
(diam=30-50 nm) 
4 h reflux in 
1:1 H2SO4-
HNO3 
16.5 
Elemental 
analysis by 
combustion/EDS 
This work 
Thin MWCNTs 
(diam=3-10 nm) 
4 h reflux in 
3:1 H2SO4-
HNO3 
9.0 
X-ray 
Photoelectron 
Spectroscopy 
[139] 
MWCNTs 
(diam=10-30 nm) 
36 h reflux in 
HNO3 
3.8 
X-ray 
Photoelectron 
Spectroscopy 
[138] 
 
Quite surprisingly, an activation method involving the reflux of MWCNTs in HNO3 (a 
milder oxidizer than the H2SO4-HNO3 mixtures) is reported to yield a product with the 
highest oxygen content. Several factors can be invoked in order to explain this: 1) the 
smaller diameter of the MWCNTs vis-à-vis the material used in our work, which would 
logically lead to lower C:O ratios (higher oxygen content) in the resulting product due to 
the lower amount of inner walls contributing to the carbon content of the sample; 2) a 
considerably longer reflux time, which might compensate for the use of a milder 
oxidizing agent; and 3) the use of XPS (which probes the materials at depths within ~2 
nm) as a characterization technique, which might cause the amount of surface oxygen-
containing groups in thick-walled MWCNTs to be overestimated. Indeed, it seems that 
XPS exaggerates these values in large-diameter MWCNTs, since its use in the analysis of 
thin MWCNTs treated with a more aggressive oxidizing agent (a 3:1 H2SO4-HNO3 
mixture) reveals a lower oxygen content in the latter material, which would be otherwise 
counterintuitive. All these considerations make the oxygen content of our fMWCNTs to 
appear very reasonable, both because a 1:1 H2SO4-HNO3 mixture is bound to be a milder 
oxidizer than a 3:1 mixture and because the MWCNTs used as starting material in this 
work have a larger diameter. 
 
XPS analyses, performed on both pristine MWCNTs and on fMWCNTs produced by a 4 
h reflux in a 1:1 mixture of sulfuric and nitric acids, provided information on the surface 
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elemental composition of the samples and on the nature of the functional groups 
introduced by the acid treatment. Figure 3.7 shows the O 1s region within the XPS 
spectra of these two samples and Table 3.5 shows their atomic surface composition, 
while Table 3.6 shows the amount of oxygen present in different chemical states (binding 
energy assignments were based on both the X-ray Photoelectron Spectroscopy Database 
of the National Institute of Standards and Technology (NIST) [140] and previous 
literature reports [141,142]). 
 
 
Figure 3.7. O 1s region in the XPS spectra of pristine MWCNTs (left) and 
fMWCNTs produced by a 4 h reflux in a 1:1 mixture of sulfuric and nitric acids 
(right). 
 
Table. 3.5. Elemental surface analysis (by XPS) of pristine and acid-treated 
MWCNTs. 
 
Sample / treatment at.% C from C 1s 
at.% N 
from N 1s  
at.% S 
from S 2p 
at.% O 
from O 1s 
As synthesized nanotubes 95.2 0.3 - 4.5 
1:1 H2SO4-HNO3-treated (4 h reflux) 84.6 0.7 0.1 14.6 
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Table 3.6. XPS quantification of oxygen present in different chemical states (% of 
total oxygen analyzed) calculated from O 1s peak fitting. 
 
Sample / treatment Fe2O3 -NO2  C-OH C-OOR(H) C-OO-R(H) 
As synthesized nanotubes 64.5 - 35.5 - - 
1:1 H2SO4-HNO3-treated (4 h reflux) 18.4 2.8 - 50.9 27.9 
 
The XPS elemental analysis of the surface is in agreement with the results of the 
elemental analysis of the bulk material by combustion and EDS shown in Tables 3.1 and 
3.2. In all cases, the O, N, and S content is increased by the acid treatment, which also 
causes a concomitant decrease in the C content. As mentioned above, this is consistent 
with the introduction of O, N, and S containing functional groups to the carbon nanotube 
surface.  
 
Interesting insights can also be withdrawn from the different chemical states in which 
oxygen is present in these samples as determined by XPS analysis. The results included 
in Table 3.6, however, should be approached with caution because of two main reasons: 
1) the overlap between peaks arising from different oxygen-containing species, which 
may impact the quantification of oxygen present in different chemical states; and 2) the 
fact that the quantification is reported as the percentage of oxygen in a given chemical 
state with respect to the total surface oxygen present, which increases from 4.5 at.% to 
14.6 at.% via the acid treatment as shown in Table 3.5. With this in mind, the decrease in 
the amount of oxygen present as Fe2O3 (from the iron particle catalysts remaining from 
MWCNTs synthesis) can be attributed to both a fraction of the metal oxide being leached 
during the acid reflux and to the considerable amount of oxygen containing 
functionalities introduced to the material, which also reduce the contribution of oxygen in 
Fe2O3 towards the total. Indeed, a notably large amount of lactonic (COOR) and 
carboxylic (COOH) functional groups are introduced to the nanotube surface, judging 
from the increase on the surface oxygen content of the sample and from the O 1s signals 
attributable to these functionalities. Parenthetically, the decrease in the amount of oxygen 
present as part of phenols suggests that the introduction of –COOR and –COOH 
functionalities occurs at the expense of –OH groups. Arguably, –OH groups are very 
likely close to defects sites in pristine MWCNTs and thus, the reactions leading to the 
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incorporation of lactonic and carboxylic functionalities to the nanotube surface (which 
should preferentially take place in these regions) may lead to –OH elimination. An 
additional peak (with a maximum at ~528 eV) in the O 1s signal of fMWCNTs has been 
attributed to organo-nitro species, albeit no literature reference could be found to confirm 
this assignment. Further analysis of the O 1s region also suggests that sulfonic groups are 
introduced to the nanotube surface by the acid treatment, however, the quantification of 
the oxygen in  –SO3H groups is rendered difficult by the other, more intense peaks in the 
region. Finally, the presence of –NO2 and –SO3H functionalities on the fMWCNTs 
surface has been qualitatively confirmed through the analysis of the N 1S and the S 2p 
regions within this sample. 
 
A commercially available activated carbon fiber monolith (made in house using P-200 
activated Anshan fiber, with phenolic resin as the binder), which was subsequently 
employed in this work as the support in a reference catalyst, was also characterized using 
elemental analysis and N2 physisorption. Tables 3.7 and 3.8 summarize the results of 
these measurements.  
 
Table 3.7. Elemental analysis (by combustion) of the activated carbon fiber 
monolith. 
Material %C %H %N %S %O %Ash 
Carbon fiber monolith 94.99 0.61 0.8 1.21 0.68 1.71 
 
Table 3.8. Physical properties of the carbon fiber monolith.  
Material Surface area (m2/g) Pore volume (cm3/g) 
Mean pore radius 
(nm) 
Carbon fiber 
monolith 728 0.342 0.94 
 
The high surface area and the large pore volume shown by the activated carbon fiber 
monolith render it well suited for use as a catalyst support. 
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Given that one of the main reasons to use MWCNTs, as opposed to AC, as an HC-SCR 
catalyst support lies in the higher resistance to oxidation shown by the former materials, 
the combustion profiles of these materials under different atmospheres was investigated 
via thermogravimetric analysis (TGA). Two atmospheres were chosen in an attempt to 
simulate HC-SCR conditions: 1) 10 % O2; and 2) 500 ppm NO + 9.5 % O2, the balance 
being N2. The heating ramp was 5º C/min in both cases. The results of these experiments 
are summarized in Table 3.9 and Figure 3.8. 
 
Table 3.9. Differential thermogravimetric maxima for selected samples (measured 
under two different gas mixtures). 
Sample dTG max. under 10 % O2/balance N2 (ºC) 
dTG max. under 500 
ppm NO + 9.5 % 
O2/balance N2 (ºC) 
Darco KB-B (AC) 500 520 
Pristine MWCNTs 560 570 
Acid Treated MWCNTs 565 580 
Carbon fiber monolith 600 Not measured 
2 wt.% Pt/Darco KB-B (AC) 365 380 
2 wt.% Pt/pristine MWCNTs 550 550 
2 wt.% Pt/Acid Treated MWCNTs 400 400 
2 wt.% Pt/Carbon fiber monolith 560 Not measured 
 
 44 
 
Figure 3.8. Combined thermogravimetric plot for selected samples measured under 
10 % O2 balance N2 (ramp= 5 ºC/min). 
 
These values clearly show MWCNTs to be more resistant to oxidation than Darco KB-B 
(Darco KB-B is a commercial, amorphous, AC), even in the presence of Pt (it should be 
noted that the preparation of the Pt-loaded materials is described in the following 
chapter). This is not unexpected, given that as for the chemical oxidation with acids, the 
gas phase oxidation of these materials should be facilitated by the presence of surface 
defects in which ACs are considerably richer than MWCNTs. With this in mind, the 
similar dTG values shown by MWCNTs and fMWCNTs seem to be counterintuitive (one 
would expect structural defects to be more prevalent in fMWCNTs). However, a closer 
look at the TGA profile of fMWCNTs reveals that while the material shows its dTG 
maximum at 565 ºC, it also experiences a significant weight loss at lower temperatures, 
which is attributed to the combustion of the fraction of the material rendered defective by 
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the acid treatment, as well as to the thermal expulsion of –COOH and –OH groups as 
CO2 and H2O. Thereafter, the TG curve of the fMWCNTs follows that of the pristine 
MWCNTs, suggesting that the MWCNT structure is essentially intact after the 
elimination of the surface functional groups is complete. The trend shown by the dTG 
maxima of the Pt-containing materials is of particular interest, given that this metal, 
which would be present in HC-SCR catalysts, is known to catalyze the combustion of 
carbonaceous materials. That the latter indeed occurs is apparent from the lower 
temperature at which the materials show their dTG maxima when Pt is present. As 
expected, the magnitude of this shift to lower temperatures is more acute for the supports 
showing the highest amount of defect sites. Nevertheless, it seems to be the case that 
MWCNTs materials show a higher resistance to oxidation than AC regardless of the 
atmosphere and the presence of Pt. 
 
In conclusion, based on their surface properties and on their high resistance to oxidation, 
MWCNTs functionalized via a 4 h reflux in a 1:1 H2SO4-HNO3 mixture are a suitable 
support for HC-SCR catalysts. Nevertheless, the use of pristine MWCNTs was also 
investigated for comparison purposes. 
Copyright © Eduardo Santillan-Jimenez 2008 
 46 
Chapter 4. HC-SCR Catalyst Preparation and Characterization. 
 
4.1. Introduction. 
In heterogeneous catalysis, the number of reactant molecules converted to products in a 
given time is directly proportional to the number of catalytically active sites. Thus, there 
is a vested interest in maximizing the latter as a means to maximize the former. This is 
usually achieved through the dispersion of the active phase onto the surface of a material 
that is commonly referred to as the catalyst support.  
 
The most common formulations used as environmental heterogeneous catalysts are 
metals or metal oxides supported by high surface area carriers. The latter are commonly 
oxides such as Al2O3, SiO2, TiO2 or zeolites, although carbon materials have become 
quite commonplace in recent years. 
 
Obviously, the structure (and thus the properties) of a particular catalyst is highly 
dependent on the way in which it is prepared. Indeed, the subtleties of a given preparation 
method tend to have such an impact on the performance of the resulting formulations, 
that the manufacturing procedures of industrial catalysts are kept as valuable trade 
secrets. Nevertheless, most environmental heterogeneous catalysts are prepared through 
variations of very general methods, the most representative of these being impregnation, 
in situ chemical reduction, electrostatic adsorption and ion exchange. In our work, several 
of these methods were employed to prepare both MWCNTs-based and reference HC-
SCR catalysts, however, all syntheses investigated share three common steps: 1) a metal 
precursor is provided to the system in an ionic state; 2) chemical changes are effected to 
change the metal ions to metal atoms which agglomerate to form nanoparticles; and 3) 
particle growth is restricted to different degrees depending on the confining substrate 
present, the result being supported and size-controlled metallic nanoparticles. 
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4.2. Experimental methods. 
4.2.1. PGM deposition via the polyol method. 
1 g of catalyst support was suspended in 100 mL of ethylene glycol via bath sonication 
for 30 min. The appropriate amount of metal precursor(s) (H2PtCl6 · 6H2O or H2PtCl6 · 
6H2O and RhNO3 in aqueous solution) was added dropwise to the resulting suspension 
while stirring. A saturated solution of KOH in ethylene glycol was then added dropwise 
to the mixture until it attained a pH of >13. The resulting mixture was refluxed for 3 h, 
allowed to cool and filtered. The cake was washed (first with a dilute aqueous solution of 
NH4OH, then with deionized water) and dried in a vacuum oven. 
 
4.2.2. PGM deposition via wet impregnation. 
1 g of catalyst support was mixed with 100 mL of solvent (ethanol for MWCNTs and 
deionized water for fMWCNTs) and the appropriate amount of metal precursor(s) 
([(NH3)4Pt](NO3)2 or [(NH3)4Pt](NO3)2 and RhNO3). The mixture was sonicated for 30 
min and the solvent was then removed from the resulting suspension using a rotary 
evaporator. The resulting material was dried in a vacuum oven and then reduced under a 
flow of H2 (350 ºC, 3 h).  
 
4.2.3. PGM deposition via incipient wetness impregnation. 
5 g of catalyst support was mixed with an amount of [(NH3)4Pt](NO3)2 aqueous solution 
equal to the total pore volume of the support containing the adequate quantity of metal 
precursor. The resulting mixture was stirred for 30 min and the solvent was then removed 
using a rotary evaporator. The resulting material was dried in a vacuum oven and then 
calcined under air (400 ºC, 2.5 h) or reduced under a flow of H2 (350 ºC, 3 h).  
 
4.2.4. Determination of precious metal loadings. 
Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) analyses were 
performed using a Varian Vista-PRO instrument. Prior to analysis, the MWCNTs-based 
samples were ashed in a muffle furnace at 700 ºC and the resulting ashes were disolved in 
aqua regia. Proton Induced X-ray Emission (PIXE) measurements were performed at 
Elemental Analysis, Inc. (Lexington, KY), using a General Ionex Corp. Tandetron Model 
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4110A proton accelerator coupled with a custom X-ray Emission apparatus. Prior to 
PIXE analysis, solid samples were homogenized in an agate or cryogenic mixer mill and 
a pellet was pressed using ∼300 mg of material. Inductively Coupled Plasma – Mass 
Spectrometry (ICP-MS) analyses were also performed at Elemental Analysis, Inc., using 
a Perkin Elmer 6100 apparatus. Prior to analysis, the samples were submitted to a 
microwave-assisted digestion in a mixture of aqua regia, HF and H2O2. For alumina-
supported reference catalysts, the precious metal loading was determined by means of X-
ray Fluorescence (XRF). 
 
4.2.5. Precious metal particle size analyses. 
H2-chemisorption measurements were performed in a Zeton Altamira AMI-200 
instrument by first ramping at 1 ºC/min to a reduction temperature of 400 ºC and holding 
at this temperature for 1 h under a flow of 10 % H2 in He. The sample was then cooled to 
100 ºC under a flow of Ar. To count the active metal sites, the temperature was then 
ramped to 400 ºC under a flow of Ar, the desorbed hydrogen being monitored with a 
thermal conductivity detector (TCD). The temperature was held at 400 ºC until the TCD 
signal returned to the baseline condition. The Pt dispersion was calculated on the 
assumption of a 1:1 H:Pt stoichiometric ratio and a spherical particle morphology. To 
obtain particle size distribution histograms, 200 precious metal particles were measured 
in high magnification TEM micrographs using image analysis software (Gatan Digital 
Micrograph®). TEM sample preparation, as well as TEM instrumentation and operational 
parameters, have already been described in Chapter 3. 
 
4.2.6. Scanning Transmission Electron Microscopy (STEM) analyses. 
STEM observations were performed using a JEOL 2010F field emission analytical 
transmission electron microscope operated at an accelerating voltage of 200kV, coupled 
to a STEM unit with a high-angle annular dark field (HAADF) detector and a Gatan 
Imaging Filter. Sample preparation for STEM is identical to that for TEM. 
 
The experimental methods used for TGA and EDS analyses have already been described 
in Chapter 3. 
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4.3. Catalyst preparation. 
The preparation of a first set of MWCNT-supported catalysts was performed using a 
standard literature method involving the chemical reduction of Pt salts in ethylene glycol 
[143], which shall be henceforth referred to as the polyol method and indicated with a 
letter “P” after the name of catalysts prepared by that route.  
 
In a typical preparation, aqueous solutions of H2PtCl6 (chloroplatinic acid or CPA) and a 
strong base (typically KOH) are mixed with ethylene glycol and the support is dispersed 
in the resulting mixture through sonication. Heating this dispersion reduces the Pt in 
solution to Pt metal, which deposits onto the support. During the synthesis, the polyol 
plays the role of both reductant and protecting agent. The detection of glyoxal (via gas 
chromatography coupled to mass spectrometry) in the vapors evolved during the course 
of the reaction [144], has led some workers to propose a one-step redox reaction 
mechanism: 
 
 PtCl62- + HO-CH2-CH2-OH               Pt0 + CHO-CHO + 4H+ + 6Cl- (4.1) 
 
Other authors have proposed the reductant to be CH3CHO generated in situ by the 
thermal decomposition of ethylene glycol [145]. The colloidal nanoparticles resulting 
from the reduction of the metal are stabilized and protected by glycol molecules, which 
through steric hindrance impede their agglomeration [146] allowing fairly small metal 
particles to deposit onto the support. 
 
In initial scouting experiments, two sources of heat were used: conventional heating (i.e., 
refluxing) and microwave irradiation [147]. The use of microwave heating offered two 
main advantages: 1) it achieves excellent Pt dispersions (which has been ascribed to the 
quick nucleation and the complete separation of the nucleation and particle-growth steps 
[148-150]), and 2) it reduces the reaction time from several hours to just a few minutes. 
However, this method was also found to have an important drawback: it yields rather 
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inconsistent precious metal loadings, arguably because such a short reaction time does 
not compensate for the effect that small changes in the preparation’s variables (reactant 
concentrations, stirring, etc.) have on the reaction kinetics. On the other hand, the use of 
conventional heating proved to yield more consistent products loading-wise. Taking this 
important factor into account, it was decided that even though the preparation involving 
conventional heating is considerably more time consuming than the microwave-assisted 
one, the more consistent loadings achieved with conventional heating renders it the more 
suitable method. Nevertheless, the microwave-assisted preparations were useful to study 
the effect of the basification of the reaction mixture on the product, since the microwave-
assisted process was also attempted without the addition of the base (following a 
literature report that high Pt dispersions could be obtained in the absence of base [118]).  
 
The results of these various experiments are reported below. In the initial studies, 
Pt/MWCNTs catalysts were prepared in the micro-scale using both heat sources. 
Subsequently, the preparations were scaled up using the conventional heating route, and 
alloy catalysts were prepared using the same method. The catalysts synthesized included 
Pt, Pt-Rh, Pt-Ir and Pt-Rh-Ir on MWCNTs and Pt supported on fMWCNTs. At this stage, 
all the catalysts were prepared with a target metal loading of 1 wt.%.  
 
The preparation of a second set of MWCNTs-based catalysts was performed using wet 
impregnation followed by reduction with H2 [151], a method which shall henceforth be 
called the impregnation method and indicated with a letter “I” after the catalyst name. 
This synthetic technique involves the mixing of the support with a solution of the metal 
precursor(s), the elimination of the solvent, and the subsequent reduction or 
decomposition of the precursor to a metallic state.  
 
Impregnation is the most common procedure used to disperse a catalytically active phase 
on a support. There are two different types of impregnation: incipient wetness 
impregnation and wet or excess solution impregnation. In the former, the quantity of the 
precursor solution used corresponds to the total pore volume of the support, while in the 
latter the carrier is immersed in an excess of precursor solution. Since electrostatic forces 
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govern the distribution of the precursor over the surface of the support, a precursor that 
facilitates adsorption or even ion exchange should be utilized. Thus, [(NH3)4Pt](NO3)2 
was employed in an attempt to promote the adsorption of the Pt-containing cation onto 
the surface of the MWCNTs or its ion exchange with the protons of Brønsted acidic 
groups present. Further, the solvent used in the preparation was chosen so as to take into 
account the nature of the support and optimize its wetting (ethanol was used with 
MWCNTs, while water was used with fMWCNTs). 
 
In this work, the excess solution impregnation method was preferred for the preparation 
of MWCNTs-based HC-SCR catalysts due to the fact that, according to Inductively 
Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) analyses, the polyol 
method failed to deposit Rh and Ir on the MWCNT support. Although it was eventually 
established that the source of this problem was of an analytical rather than a preparative 
nature (vide infra), it was decided to use the impregnation method to prepare MWCNTs-
based catalysts from that point on. This decision was taken due to three main factors: 1) 
the straightforwardness and the essentially quantitative yields of the impregnation 
method, 2) the promising performance of the resulting catalysts in NO reduction with 
propene, and 3) the lower cost of the chemicals (other than the precious metal precursors) 
involved.  
 
Finally, reference catalysts, comprising Pt/Darco KB-B (an AC) and Pt/Al2O3, were 
prepared using the polyol and the incipient wetness impregnation methods, respectively. 
However, when trying to test the Pt/Darco KB-B sample for NO reduction activity, a 
pressure drop was encountered over the catalyst bed which was sufficient to prevent the 
flow of reactants. This problem could not be solved by diluting the catalyst with glass 
beads and, therefore, the use of an activated carbon fiber monolith was examined as a 
potential solution. To this end, the monolith was characterized (see Chapter 2) and 
deemed well suited for use as a catalyst support. Pt was then deposited onto this material 
via the incipient wetness impregnation method followed by H2 reduction. 
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4.4. Catalyst characterization. 
 ICP-AES was used for the determination of the metal loadings of the first set of catalysts 
prepared via the polyol method. In principle, metal loadings can be determined by either 
analyzing the filtrate from the preparation for residual metal in solution (and then 
calculating the loading on the catalyst by difference), or by directly analyzing the solid 
product after digestion in an appropriate medium (e.g., ashing the catalysts in a muffle 
furnace at 700 ºC for one hour and then dissolving the resulting ashes in aqua regia). In 
initial experiments, the use of both methods was investigated; and while the two methods 
gave similar results in many cases, discrepancies were also observed. For this reason, the 
results from the digestion method were analyzed statistically to determine the method’s 
percent recovery and precision. These factors were found to be satisfactory, such that the 
direct method was used for the determination of metal loadings. Table 4.1 shows the 
metal loadings determined for the first batch of catalysts (which were prepared aiming for 
a 1 wt.% total metal loading).  
 
Table 4.1. Precious metal loadings of the catalysts prepared via the polyol method 
(using conventional heating) determined by ICP-AES.  
 
Sample Pt (wt.%) Rh (wt.%) Ir (wt.%) K* (wt.%) 
Pt/MWCNTs 0.953 N/A N/A Below detection 
Pt-Rh/MWCNTs 0.358 0.230 N/A Below detection 
Pt-Ir/MWCNTs 0.281 N/A 0.178 Below detection 
Pt-Rh-Ir/MWCNTs 0.177 0.112 0.119 Below detection 
Pt/fMWCNTs 1.185 N/A N/A 0.381 
*Potassium was measured due to its known activity as a carbon combustion catalyst and 
its use in the polyol method. 
 
For the Pt/MWCNTs catalysts, the Pt loadings were found to be within ±0.2 wt.% of the 
target loading of 1 wt.%. However, for the Rh- and Ir-containing catalysts, metal loadings 
were found to be roughly half of the target loadings. At the time, the reason for this was 
unclear, given that it was thought that the source of the problem was preparative (as 
opposed to analytical) and that during the preparation Ir3+ should be easier to reduce than 
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PtCl62- (while the electrode potential of Rh3+ is similar to that of PtCl62-). Therefore, an 
alternative route was examined for the preparation of the MWCNTs-based catalysts, 
based on wet impregnation, followed by reduction under hydrogen [151]. In parallel, in 
order to investigate whether the origin of this discrepancy was of analytical or preparative 
nature, it was decided to increase the metal loading, to reanalyze the samples through 
ICP-AES and to submit representative samples to an outside laboratory for analysis via 
an alternative technique, namely PIXE. Additionally, one of these samples was also 
subjected to ICP-MS for comparison purposes. The results of these analyses (presented in 
Table 4.2), show the ICP measurements to be inconsistent, while PIXE places the 
precious metal loadings quite close to those targeted (2 wt.% total metal loading).  
 
Table 4.2. Elemental analysis data (in wt.%) for two catalysts prepared via the 
polyol analyzed by different techniques.  
 
ICP-AES ICP-MS PIXE Catalyst Pt Rh Ir Pt Rh Ir Pt Rh Ir 
Pt-Rh/MWCNTs 1.05 0.43 NA 0.94 1.42 NA 1.08 0.92 NA 
Pt-Rh-Ir/MWCNTs 0.51 0.16 0.15 NA NA NA 0.78 0.80 0.74 
 
 
Since both ICP techniques involve preparative steps before the actual analysis and PIXE 
does not, these preparative steps are believed to be the source of the observed 
discrepancies. Indeed, two phenomena occurring during the digestion of the catalysts 
might be invoked: 1) the formation of volatile oxides of Rh and Ir during the ashing of 
the sample, and 2) the dissolution of Pt by aqua regia being favored over that of Rh and 
Ir. Based on the foregoing, the elemental analysis of prepared catalysts was routinely 
performed in the remainder of this work using PIXE (Elemental Analysis Corp., 
Lexington, KY). Given that the degree in which the results of the PIXE analyses 
(measured loadings) differ from the targeted metal loadings (nominal loadings) is within 
the analytical error (~10 %), the loadings reported in this document are nominal loadings 
unless otherwise indicated.  
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In the case of the Pt/Al2O3 reference catalyst, the Pt loading was determined by means of 
XRF and found to be 2.1 wt.%. 
 
Another analytical problem was encountered when trying to determine precious metal 
dispersions. Hydrogen chemisorption is the most commonly used method for establishing 
mean metal particle sizes in heterogeneous catalysts. However, due to the very low 
density of the MWCNT support materials employed, only a small amount of material 
could be placed in the sample vessel. This lowered the measurement accuracy, thus 
making H2 chemisorption measurements alone insufficient to determine precious metal 
dispersion in MWCNTs-based catalysts. Therefore, TEM observations were coupled to 
H2 chemisorption measurements as a means to achieve this goal. TEM has one important 
advantage over H2 chemisorption: whereas the latter method is only useful for 
determining the average metal particle size, TEM is able to provide both the average 
metal particle size and the metal particle size distribution of a given catalyst. On the other 
hand, H2 chemisorption also has an important advantage over TEM: the former is a bulk 
technique, whereas the latter is a spot technique only able to analyze a minuscule portion 
of the sample. Hence, the use of these two techniques in combination not only yields 
more information but also more reliable data. H2 chemisorption results for Pt dispersion 
and average Pt particle size of various catalysts are shown in Table 4.3.  
 
Table 4.3. Hydrogen chemisorption results showing the dispersion and average 
diameter of Pt particles on different substrates (Pt loading = 2 wt.%). 
 
Substrate H-ZSM-5 Darco KB-B MWCNTs fMWCNTs* Al2O3 
Dispersion 
(%) 67.2 66.0 11.1 83.4 56.9 
Average 
particle 
diameter (nm) 
1.8 2.0 10.4 1.4 2.1 
*Acid treatment performed with a 1:1 mixture of H2SO4 and HNO3 / 4 hour reflux. 
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For the reference catalysts, chemisorption experiments show good results, i.e., high 
dispersions, corresponding to small particles (<2.5 nm). They also show that better 
dispersions can be achieved using 1:1 H2SO4/HNO3 treated MWCNTs as the support than 
with the use of pristine nanotubes. This was confirmed by the particle size distribution 
histograms shown in Figure 4.1, which were obtained by measuring 200 particles on 
high-magnification TEM micrographs. 
 
 
 
 
 
 
  
 
 
 
Figure 4.1. Particle size distribution histograms of 2 wt.% Pt/MWCNTs-I (left) and 
2 wt.% Pt/fMWCNTs-I (right) (200 particles measured per histogram). 
 
The difference in the Pt dispersion achieved on MWCNTs and fMWCNTs is less 
pronounced according to TEM observations than based on H2 chemisorption. This is 
more readily assigned to the already mentioned fact that TEM is not a bulk technique. 
However, the use of the same assumptions (H:Pt stoichiometric ratio and particle 
morphology) while interpreting the results of H2 chemisorption analyses of materials with 
dissimilar dispersions can also explain the apparent discrepancy. Nevertheless, both 
techniques agree on the fact that improved dispersions are obtained when fMWCNTs are 
utilized as the catalyst support. 
 
Figure 4.2 shows two TEM micrographs of a 2 wt.% Pt/MWCNTs-I catalyst and two 
TEM micrographs of a 2 wt.% Pt/fMWCNTs-I formulation, while Figure 4.3 shows four 
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contrast Scanning Transmission Electron (STEM-Z) micrographs of approximately the 
same region of the latter catalyst taken at different magnifications.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. TEM micrographs of 2 wt.% Pt/MWCNTs-I (above) and of 2 wt.% 
Pt/fMWCNTs-I (below) under different magnifications. 
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Figure 4.3. STEM micrographs under different magnifications of approximately the 
same region of 2 wt.% Pt/fMWCNTs-I. 
 
The results of both TEM and STEM-Z studies validate the use of MWCNTs and 
fMWCNTs as supports and impregnation as the preparation method as means to obtain 
HC-SCR catalysts in which the metal phase is highly dispersed, while they also prove 
electron microscopy to be a powerful technique for the characterization of MWCNTs-
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based materials. From TEM observations, it appears that small crystalline particles are 
deposited onto (and potentially into) MWCNTs supports, nanotube defects (tips, bends 
and grooves) presumably being the preferential deposition sites. 
 
In the case of the Pt/Darco KB-B reference sample, STEM-Z observations also showed 
good agreement with the results of H2 chemisorption, an average particle size of 2 nm 
being indicated by chemisorption versus particles of between 1 and 3 nm that can be seen 
in STEM-Z micrographs (see Figure 4.4). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. STEM-Z image showing Pt particles (in white) deposited on Darco KB-B 
(in black). 
 
The products of the microwave-assisted process without basification were also observed 
by TEM (not shown); the observed Pt dispersion was very poor. Indeed, it can be argued 
that if the reduction reaction occurs through the one-step mechanism represented by 
equation (4.1), a lack of OH- able to neutralize the produced H+ would result in a slow 
nucleation and in the coupling of the nucleation and particle-growth steps, which would 
in turn worsen the metal dispersion of the resulting catalysts. Therefore, in all subsequent 
polyol preparations the basification step was employed.  
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As has been already mentioned in Chapter 3, thermogravimetric analyses were performed 
in order to determine the thermal stability of the catalyst supports in PGMs-containing 
catalysts under typical HC-SCR (oxidizing) conditions. Three main trends were observed 
(see Table 3.7 and Figure 3.7): 1) the Darco KB-B activated carbon support combusts at 
lower temperatures than the MWCNTs; specifically, the differential thermogravimetric 
(dTG) maximum for Darco KB-B occurs at a temperature 50 ºC lower than that of the 
MWCNTs, regardless of whether NO is present in the gas mixture or not; 2) the activated 
MWCNTs experience a weight loss due to the combustion of some surface fuctionalities 
in the temperature range ∼350-500 °C, although the combustion of the nanotubes 
themselves occurs at temperatures comparable to the untreated MWCNTs; and 3) 
deposition of Pt and Pt alloys on the various carbon supports results in a lowering of the 
combustion temperature in all cases, this effect being significant for the AC and 
fMWCNTs, whose dTG maximum is lowered by as much as 180 ºC (relative to the bare 
supports). Clearly, the supported Pt phase plays a major role in catalyzing the oxidation 
of these defect-rich supports. In the case of the untreated MWCNTs, the dTG maximum 
was lowered by only 20 ºC in the worst case, reflecting the lack of defects in the outer 
graphene sheets of the pristine MWCNTs, and, consequently, their greater stability 
towards oxidation. Further, given that the carbon fiber monolith showed the highest 
resistance to oxidation among the selected materials, its use as a carbonaceous reference 
support is validated. Notably, the deposition of Pt onto this support lowered its dTG 
maximum to a value comparable to that of Pt/MWCNTs. On this basis, untreated 
MWCNTs appeared to be the support of choice, providing that an acceptable metal 
dispersion on this carrier could be obtained and a satisfactory HC-SCR performance was 
displayed by the resulting catalyst. 
 
The Pt/activated carbon fiber monolith reference catalyst was also characterized via 
PIXE, H2 chemisorption and TEM before being tested for deNOx activity. Both Pt 
loading (a nominal 2 wt.% was confirmed by PIXE measurements) and Pt dispersion (an 
average Pt particle size of ~1.1 nm was measured by H2 chemisorption) were found to be 
satisfactory. Unfortunately, TEM was not able to yield good micrographs since the 
sample preparation method proved to be rather destructive for this particular catalyst. 
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The characterization of the 2 wt.% Pt/Al2O3 reference catalyst was expanded to include 
H2 chemisorption and TEM measurements. An average Pt particle size of ~2 nm was 
measured by means of the former technique and visually confirmed through the latter.  
Further, the chemical analysis of the material was performed via TEM-EDS. Figure 4.5 
shows the appearance of the sample under the microscope (using two different 
magnifications), and the EDS spectrum of the region shown in the low magnification 
micrograph. Peaks corresponding to Al, O, and Pt can be observed, which confirms the 
presence of Al2O3-supported Pt. 
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Figure 4.5. Different magnification TEM images of Pt/Al2O3, EDS spectrum of the 
region shown in the low magnification micrograph (top) and a close-up of the low 
intensity peaks in the spectrum (bottom). Cu and C peaks are due to the TEM grid. 
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In conclusion, PGMs nanoparticles can be deposited onto both pristine and acid-
functionalized MWCNTs through in situ chemical reduction and via impregnation. The 
latter approach was not only found to be more economical and less involved than the 
former method, but also to more reliably afford the targeted metal loadings.  With respect 
to the support, the use of fMWCNTs led to HC-SCR catalysts with improved metal 
dispersion as compared to unfunctionalized MWCNTs, while MWCNTs-based catalysts 
showed a superior resistance to oxidation compared to fMWCNTs-based formulations. 
However, the testing of the resulting catalysts for activity in the HC-SCR reaction (which 
is covered in Chapter 5) remained indispensable for the determination of the best 
combination of catalyst support and catalyst preparation method. 
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 5. Testing and Optimization of Powder-type MWCNT-based HC-SCR 
Catalysts. 
 
5.1. Introduction. 
Catalytic air pollution control calls for active and selective formulations able to turn, 
under realistic conditions, noxious exhaust components into innocuous compounds. Thus, 
an ideal automotive HC-SCR catalyst would convert to N2 the entirety of the NOx emitted 
by diesel-powered vehicles across the entire temperature span of the exhaust. An attempt 
to develop a material capable of attaining such an ambitious goal requires a two-fold, 
systematic approach. As a first step, a multitude of formulations must be screened for 
activity in the HC-SCR reaction to identify materials showing acceptable conversions in 
the required temperature range. Secondly, a catalyst optimization process is enacted, 
using as a starting point the most promising formulations found in the previous stage. 
 
In our work, the first phase of this approach was accomplished through a literature survey 
(summarized in Chapter 2), which placed catalysts containing PGMs as the active phase 
among the materials showing the highest low temperature activity in the HC-SCR 
reaction, while also possesing acceptable durability. Therefore, supported PGMs were 
chosen as the starting point in the catalyst optimization process. The strategy utilized in 
the latter stage involved a systematic study of the effect of a variety of parameters on the 
HC-SCR performance shown by the catalyst. When at all possible, only one variable was 
altered at the time in an attempt to investigate its discrete influence on catalyst 
performance. However, the interdependency of some variables (e.g. catalyst support and 
precious metal dispersion) had to be taken into account when conclusions were drawn.  
 
Since this optimization process involved the screening of a considerable number of 
formulations, the use of a reliable catalyst testing methodology was paramount [152]. 
Consequently, the development of a dependable catalyst screening technique was deemed 
crucial. This proved to be a challenging task, especially because of its multileveled 
nature. These levels included the selection, construction and validation of the appropriate 
reactor; the selection, installation and calibration of the necessary analytical 
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instrumentation; and the establishment of adequate data acquisition and data processing 
practices. Indeed, only after these steps had been taken could the resulting data be 
deemed valid and their interpretation attempted. 
 
By definition, a catalyst is a material able to increase the rate of a chemical reaction (the 
number of molecules converted by unit of time) without itself undergoing any permanent 
chemical change. Catalysts are able to achieve this through the reduction of a reaction’s 
activation energy (an energy barrier that reactants must pass in order to be converted into 
products), since the rate of reaction is inversely proportional to the exponential of the 
activation energy, as shown in equations (5.1) and (5.2): 
 
 d[C]/dt = k[A]x[B]y (5.1) 
 
 k=Ae-Ea/RT (5.2) 
 
In expression (5.1), known as the rate equation, [A], [B] and [C] represent the 
concentrations of the reactants and the product in the generic reaction A + B   C, while 
the superscripts x and y denote the reaction order in [A] and [B], respectively. The k in 
both equations is known as the rate constant and, as the form of the Arrhenius equation 
represented by expression (5.2) shows, it is: (i) related to the pre-exponential function A; 
(ii) directly proportional to the exponential of both temperature (T) and the universal gas 
constant (R); and (iii) inversely proportional to the exponential of the activation energy 
(Ea), as stated above. 
 
In effect, a catalyst allows the reaction to occur at lower temperatures via lowering the 
activation energy of a chemical reaction. Thus, the determination of the kinetic 
parameters of MWCNTs-based deNOx catalysts was tackled as a means to quantitatively 
assess the effectiveness of these formulations and obtain potentially valuable mechanistic 
information. 
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5.2. Experimental methods. 
5.2.1. Powder-type catalyst testing. 
Experiments were performed in a vertical stainless steel tube reactor (1 cm inner 
diameter). The catalyst (1 g) was packed into a ∼2.5 cm bed between plugs of glass wool. 
The gas mixture was flowed downwards through the catalyst bed and consisted of 500 
ppm NO, 10 % O2, 10 % H2O and 500 ppm of propene as the reductant balanced with N2. 
The gas flows were regulated with mass flow controllers and the total flow rate was kept 
at 1667 cm3/min (STP), corresponding to a space velocity of ca. 50,000 h-1 (W/F = 0.01 g 
· h · dm-3). Data points were taken at steady state in non-sequential intervals of 10 ºC to 
account for possible hysteresis in the range 180-300 ºC, the temperature being monitored 
by a thermocouple placed in the catalyst bed. The outlet gases were continuously 
analyzed using a chemiluminescence NO-NO2 analyzer (ECO PHYSICS® CLD 700 EL 
ht) and discontinuously analyzed for N2O with a high-level gas filter correlation analyzer 
(Thermo Electron Corp. model 46C). NO conversion and N2O selectivity were calculated 
according to expressions (5.3) and (5.4): 
 
 NO conv. (%) = [([NOx]i-[NOx]o)×100]/[ NOx]i (5.3) 
 
 N2O selec. (%) = [([N2O]o×2)×100]/([ NOx]i-[NOx]o) (5.4) 
 
where [NOx]i and [NOx]o are inlet and outlet NOx (NO+NO2) concentrations, respectively, 
and [N2O]o represents the outlet N2O concentration. It is important to note that equation 
(5.3) implies that “NO conversion” refers to the conversion of NO to reduction products; 
i.e., both to N2 and N2O. This definition of NO conversion will be used henceforth. 
 
The accuracy and the repeatability of these measurements were determined by the 
random re-measurement of individual temperature data points during the screening of a 
given formulation, as well as through the duplicate testing of the same catalyst. Notably, 
in some instances the time lapse between the latter tests amounted to months or even 
years. Reassuringly, both individual data points and full plots were found to show a 
remarkable repeatability (well within the analytical error of the gas analyzers employed). 
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5.2.2. Kinetic studies. 
Apparent activation energies were calculated from a series of twelve Arrhenius plots 
obtained by permutation of the following reactant concentrations: [NO]= 250, 500, 800 
and 1200 ppm; [C3H6]= 500, 1000 and 1500 ppm. The data points used to calculate the 
slope corresponded to temperatures below that at which the maximum NO conversion 
was observed (and at which the reactor can be considered as operating in a differential 
manner). Reaction orders in NO were calculated from the slope of log-log plots of NO 
reduction rates vs. initial NO concentrations, using the following reactant concentrations: 
[NO]= 100, 250, 500, 800 and 1200 ppm; [C3H6]= 1000 ppm. Reaction orders in propene 
were calculated from the slope of log-log plots of NO reduction rates vs. initial C3H6 
concentrations, using the following reactant concentrations: [C3H6]= 250, 500, 1000, 
1500 and 2000 ppm; [NO]= 500 ppm. 
 
Experimental methods for TEM, TEM-EDS, TGA and elemental analysis by combustion 
have already been presented in the two previous chapters. 
 
5.3. Preliminary powder-type catalyst testing in a microflow reactor. 
5.3.1. Microflow reactor construction. 
For the purpose of catalyst screening, a dedicated reactor was constructed. On-line 
analyzers were installed (for measurement of NO, NO2 and N2O) and mass flow 
controllers and analyzers calibrated. Figure 5.1 shows a schematic of the microflow 
reactor used for powder-type catalyst testing throughout this work. 
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Figure 5.1. Microflow reactor schematic. 
 
 
5.3.2. Initial powder-type catalyst testing. 
A 2 wt.% Pt/Al2O3 reference catalyst was the first to be screened for NO reduction, using 
propene as the reductant. The purpose of this was two-fold: first, since the behavior of 
this catalyst is well known, it was used to validate the performance of the microflow 
reactor; second, the performance of this catalyst provided a reference against which the 
performance of other catalysts could be compared. This reference catalyst showed a 
maximum NO conversion of 45 % achieved at 230 ºC, the selectivity towards N2O being 
ca. 68 % at this temperature. Reassuringly, these results are comparable to those reported 
by other workers for Pt/Al2O3 catalysts [66,83,153-155], albeit small differences are 
observed due to the differences in experimental conditions used (e.g., C3H6 and NO 
concentrations, precious metal loading and gas flow). Therefore, the microflow reactor 
system built and the testing methodology developed were deemed able to yield reliable 
data.  
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Previous reports [29,66] have suggested that Pt/AC catalysts are more active for NO 
reduction than Pt supported on metal oxides. Thus, further preliminary tests aimed to 
determine whether MWCNTs-based formulations are similarly active in the HC-SCR 
reaction. In our work, a Pt/activated carbon fibers monolith was preferred over a Pt/Darco 
KB-B formulation for reasons already disclosed in the previous chapter, while 
functionalized MWCNTs were initially chosen as the carrier in CNTs-based catalysts. 
The latter choice was prompted by a report in which both the metal dispersion and the 
activity towards the catalytic decomposition of propylene shown by CNTs-based 
formulations improved when the support was subjected to an acid treatement prior to 
metal deposition [156].  
 
Figure 5.2 shows the behavior of the 2 wt.% Pt/fMWCNTs catalyst in NO reduction with 
propene and compares it to that of the 2 wt.% Pt/Al2O3 and 2 wt.% Pt/activated carbon 
fibers reference catalysts.  
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Figure 5.2. Combined plot comparing the performance of 2 wt.% Pt/fMWCNTs-I 
with that of 2 wt.% Pt/activated carbon fibers-I with and 2 wt.% Pt/Al2O3-I 
reference catalysts in NO reduction with propene.  
 
From the figure, it can be seen that both reference catalysts show a similar maximum NO 
conversion of ca. 45 %. However, there are three main differences in the performance of 
Pt/activated carbon fibers with respect to that of Pt/Al2O3: 1) a lower temperature of 
maximum NO conversion (~25 ºC lower), 2) a wider deNOx temperature window, and 3) 
a slightly higher selectivity towards N2O. The figure also shows Pt/fMWCNTs to achieve 
a higher maximum NO conversion than both reference catalysts and to do so at a 
considerably lower temperature (~25 ºC lower) than Pt/Al2O3. Further, the selectivity 
towards N2O shown by the fMWCNTs-based formulation is slightly better than that of 
Pt/activated carbon fibers and comparable to that of Pt/Al2O3. Given that both reference 
catalysts and the fMWCNTs-based catalyst show similar loadings and dispersions (as 
determined by PIXE analyses and TEM observations, respectively), these differences in 
activity can be attributed to a catalyst support effect. This observation is particularly 
interesting, given that the influence of the support on lean NOx HC-SCR finds both 
supporters [52,74,157,158] and detractors [159-161] in the scientific literature. 
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Nevertheless, an important body of work supports the idea that catalytic behavior 
depends, at least to some extent, on the nature of the support, since a degree of support 
acidity has been found to improve deNOx activity and/or N2-selectivity [29,31,74,162-
167].  In other words, the higher activity of the carbon-based catalysts in comparison with 
Pt/Al2O3 may be a consequence of the higher Brønsted acidity of these supports. An 
additional possibility is that the oxidation state of platinum plays a role in determining 
catalyst activity and selectivity, Pt supported on carbonaceous supports likely being in a 
more reduced state than Pt supported on an oxidic carrier such as alumina.  Given that 
dissociative adsorption of NO on Pt is thought to be one of the main pathways for NO 
reduction in the presence of propene [52,158], and that a metallic surface, largely free of 
adsorbed oxygen, should be able to adsorb and dissociate NO more effectively than an 
oxidic Pt surface, Pt supported on carbon can be expected to be more active in NO 
reduction than Pt/Al2O3. In order to probe this hypothesis, X-ray Photoelectron 
Spectroscopy (XPS) studies aimed at investigating the oxidation state in these two types 
of catalyst were performed. These and other in situ spectroscopic studies (whose results 
are presented in the following chapter) were carried out in parallel to the optimization of 
the MWCNTs-based catalysts (covered in section 5.4 below). However, in this 
dissertation the results of these studies are presented sequentially to enhance the 
readability of the document. 
 
5.4. Catalyst optimization. 
Experiments were performed in order to determine which support material (pristine 
nanotubes or functionalized nanotubes), catalyst preparation method, and metal or 
combination of metals yields catalysts with the best performance, i.e., high deNOx 
activity over a wide temperature window accompanied by high selectivity towards N2. As 
mentioned above, the experimental approach to this optimization consisted of 
systematically changing these variables while studying the effect of these changes on the 
performance shown by the catalysts. 
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5.4.1. Effect of the catalyst support. 
As mentioned in the previous chapter, nanotube-based HC-SCR catalysts were obtained 
by depositing PGMs on both pristine and functionalized MWCNTs. Probing the effect of 
these supports on catalyst performance was deemed worthwhile since each carrier offered 
potential advantages as well as probable drawbacks. On the one hand, the use of 
fMWCNTs as the carrier should yield materials with higher metal dispersions and 
increased support acidity. However, at very high dispersions the Pt can be expected to 
exist in a partially oxidized state (i.e., as PtO), which could in turn be detrimental to 
catalyst activity. On the other hand, the use of untreated MWCNTs as a carrier could be 
expected to lead to poor Pt dispersions, a lack of surface Brønsted acidity and thus poor 
catalytic activity, although it represents a less involved preparation which could 
potentially yield catalysts in which PGMs are present in a more reduced state.  
 
First, 2 wt.% Pt/MWCNTs and 2 wt.% Pt/fMWCNTs catalysts were prepared via wet 
impregnation followed by reduction with H2 at 350 ºC [151]. PIXE analysis confirmed 
the nominal Pt loadings of both catalysts. Subsequently, the samples were tested for 
activity in NO reduction with propene in a microflow reactor. Figure 5.3 compares the 
performance of these two catalysts.  
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Figure 5.3. Combined plot comparing the performance of Pt/MWCNTs-I with that 
of Pt/fMWCNTs-I in NO reduction with propene.  
 
Evidently, the support does not have an appreciable impact on the selectivity towards N2 
shown by the catalysts. However, the use of fMWCNTs as a catalyst support does have 
three effects: 1) it shifts the maximum NO conversion towards lower temperatures (ca. 30 
ºC) relative to the Pt/MWCNTs catalyst; 2) it produces an increase in the maximum NO 
conversion achieved (~10 %); and 3) it slightly widens the deNOx temperature window. It 
is interesting to note that for bimetallic catalysts (not shown), the temperature shift shown 
by the maximum NO conversion is even more accentuated (ca. 50 ºC). Both the metal 
loading and the metal dispersion of the catalysts compared in Figure 5.3 were determined 
to be fairly similar. Thus, the improved performance of the fMWCNTs-based catalyst can 
be tentatively attributed to the higher Brønsted acidity of the support (vide supra). This 
explanation is consistent with the higher degree in which the performance of bimetallic 
catalysts was enhanced. Indeed, Figueras et al. have shown that the activity of Rh in the 
HC-SCR reaction is highly dependent on support acidity [168]. 
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5.4.2. Effect of the catalyst preparation method. 
Having established the favorable properties of fMWCNTs as a catalyst support, Pt was 
deposited onto fMWCNTs via the polyol method [169], in order to study the effect of the 
preparation method on catalyst performance. The nominal 2 wt.% Pt loading of the 
resulting catalyst was confirmed by PIXE analysis. Figure 5.4 compares the performance 
of the 2 wt.% Pt/fMWCNTs catalysts prepared by the two different methods. The only 
difference seems to lie in the temperature of the maximum NO conversion, which is ca. 
20 ºC lower for the catalyst prepared by impregnation. Shifts of similar magnitude can 
also be observed for the bi-metallic catalysts (not shown). To illustrate the following 
discussion, Figure 5.4 also includes the performance of a Pt/MWCNTs-I catalyst.  
 
Figure 5.4. Combined plot comparing the performance of 2 wt.% Pt/fMWCNTs-I, 2 
wt.% Pt/fMWCNTs-P and 2 wt.% Pt/MWCNTs-I in NO reduction with propene.  
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Additional measurements were performed in an attempt to understand why the use of 
fMWCNTs as the catalyst support and impregnation as the catalyst preparation method 
yields catalysts with improved NOx reduction performance. As a first step, the metal 
dispersions of catalysts obtained using different carriers and preparation methods were 
studied in more detail. To this end, the particle size distributions of representative 
catalysts were determined by measuring the diameter of 200 particles from micrographs 
obtained with a Transmission Electron Microscope. Figure 5.5 shows the particle size 
distribution histograms of the catalysts.  
 
Figure 5.5. Particle size distribution histograms of 2 wt.% Pt/fMWCNTs-I, 2 wt.% 
Pt/fMWCNTs-P and 2 wt.% Pt/MWCNTs-I. 
 
From Figure 5.5 it can be concluded that the use of fMWCNTs as the support and 
impregnation as the preparation method yields catalysts with higher metal dispersions 
than those obtained using pristine MWCNTs or the polyol method. Further, although 
Pt/MWCNTs-I and Pt/fMWCNTs-P show similar Pt dispersions, their catalytic 
performances are noticeably dissimilar. This last point is particularly interesting, since 
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there is an on-going debate regarding the effect of Pt dispersion on the performance of Pt 
catalysts. While some authors find no correlation between Pt dispersion and NOx 
reduction performance [29,66,75,170], other authors propose that Pt dispersion has a 
noticeable influence on deNOx activity and/or N2-selectivity [47,52,72,170,171]. Further, 
it seems that the extent of such influence depends on both the nature of the support and 
the reaction under study (propene oxidation, NO oxidation, NO dissociation or NO 
reduction) [171-175]. Unfortunately, our work does not allow an unambiguous 
conclusion to be drawn in this regard, given the added variable of support acidity. Indeed, 
even when the same carrier is used as starting material, it is possible for different 
preparation methods to yield catalysts with dissimilar support acidities. Thus, in order to 
probe the extent of the influence of the support in the catalytic performance of MWCNT-
supported formulations, STEM-EDS, XPS and acidity studies were performed (see 
Chapter 6). 
 
Finally, inspired by a recent report in the literature dealing with the removal of oxidation 
debris from acid-treated MWCNTs [176], we decided to investigate the effect of a base 
washing step on the functionalized multi-walled nanotubes (fMWCNTs). Acid treatment 
of MWCNTs (4 h reflux in a 1:1 H2SO4-HNO3 mixture) was performed in order to 
produce fMWCNTs, which were then suspended in 0.01 M NaOH via bath sonication for 
30 min. This suspension was then centrifuged and the supernatant was decanted.  The 
solid was next re-suspended in de-ionized water, centrifuged and decanted. A wash with 
0.01 M HCl, followed by a final wash with de-ionized water, was performed before 
allowing the product (denoted hereafter bfMWCNTs) to dry in a vacuum oven. Both the 
fMWCNTs used as starting material and the bfMWCNTs product were characterized by 
means of TEM and TGA. Figure 5.6 shows representative micrographs of these two 
materials. 
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Figure 5.6. TEM micrographs of fMWCNTs (left) and bfMWCNTs (right) with 
oxidation debris highlighted by the red rectangles. 
 
TEM observations suggest that the amount of residual oxidation debris is lessened by the 
base washing step. However, as the highlighted region of the micrograph of a bfMWCNT 
shows, the produced material is not debris-free. Given that TEM is not a bulk technique, 
TGA experiments were performed in which both fMWCNTs and bfMWCNTs were 
combusted under an atmosphere of 10 % O2 (balance N2) using a temperature ramp of 5 
ºC/min. The resulting plots are shown in Figure 5.7. 
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Figure 5.7. Combined TGA plot for fMWCNTs and bfMWCNTs under an 
atmosphere of 10 % O2 (balance N2).  Ramp = 5 ºC/min. 
 
From the figure, it is apparent that some of the oxidation debris, which is combusted at 
relatively low temperatures compared to the actual MWCNTs, is successfully removed 
by the base wash. Elemental analysis of fMWCNTs and bfMWCNTs, shown in Table 
5.1, appears consistent with this conclusion. 
 
Table 5.1. Elemental analysis (by combustion) of fMWCNTs and bfMWCNTs. 
 
Material Ash (%) 
Moisture 
(%) 
Carbon 
 (%) 
Hydrogen 
(%) 
Nitrogen 
(%) 
Oxygen 
(%) 
fMWCNTs 1.13 3.09 85.66 0.62 0.22 12.37 
bfMWCNTs 2.41 1.68 87.97 0.51 0.28 8.83 
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As can be seen from the table, there is a significantly lower oxygen and water content in 
the base-washed material, which further points to the successful removal of some of the 
highly functionalized hydrophilic matter from the surface of the fMWCNTs. 
 
Further, in order to determine the effect on precious metal deposition of removing 
oxidation debris, both a 2 wt.% Pt/fMWCNTs-I catalyst and a 2 wt.% Pt/bfMWCNTs-I 
catalyst were prepared and characterized. As can be seen in Figure 5.8, which compares 
the particle size distribution of these two catalysts, the base wash of the support seems to 
have no effect on the particle size obtained after Pt deposition.  
 
Figure 5.8. Particle size distribution histograms for 2 wt.% Pt/fMWCNTs-I (left) 
and 2 wt.% Pt/bfMWCNTs-I (right). 
 
This result, combined with the conclusions drawn from the elemental analyses, suggests 
that after removal of the oxidation debris, the concentration of surface groups remains 
sufficient to ensure that a high metal dispersion is obtained. Parenthetically, differences 
can be observed between this and the previously shown particle size distribution 
histogram of a different Pt/fMWCNTs sample. These differences can be attributed to the 
degree of variability inherent to the catalyst preparation and/or the catalyst analysis (TEM 
not being a bulk technique makes the latter more likely). Nevertheless, given that the 
differences between the histograms obtained for different batches of the same catalyst are 
exiguous (their maxima differ ~1 nm), valid comparisons can be made between 
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histograms obtained from different formulations as long as their particle size distributions 
diverge conspicuously.  
 
Finally, the effect of removing the oxidation debris on the performance of the resulting 
catalyst was investigated. Figure 5.9 compares the activity of 2 wt.% Pt/bfMWCNTs in 
NO reduction with propene with that of 2 wt.% Pt/fMWCNTs.  
 
 
Figure 5.9. Combined plot comparing the performance of 2 wt.% Pt/fMWCNTs 
with that of 2 wt.% Pt/bfMWCNTs in NO reduction with propene. 
 
From this comparison it is apparent that both catalysts show fairly similar deNOx 
activities. This is to be expected, given that the characterization of these catalysts 
revealed no significant differences between them.  
 
 
 
 80 
5.4.3. Effect of the reductant concentration. 
Experiments were performed in order to determine the effect of the propene 
concentration on catalyst performance. Figure 5.10 is a combined plot comparing the 
performance of a 2 wt.% Pt/fMWCNTs-P catalyst under different propene:NO ratios. 
 
 
Figure 5.10. Combined plot comparing the performance of 2 wt.% Pt/fMWCNTs-P 
in NO reduction with propene under different propene:NO ratios. Feed 
composition: 500 ppm NO, 500 or 1500 ppm C3H6, 10 % O2 and 10 % H2O, balance 
nitrogen.  
 
It can be clearly observed that although the selectivity to N2O is almost totally 
independent of the propene concentration, the deNOx activity increases considerably 
upon tripling the propene:NO mole ratio. This effect is not unexpected, given that NO 
reduction by propene competes with the total oxidation of the latter by oxygen. 
Therefore, any increase in propene concentration should lead to a higher amount of 
propene available for NO reduction. Simultaneously, the deNOx activity also shows a 
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slight temperature shift toward higher temperatures (ca. 10 ºC), which is consistent with 
an increase in the light-off temperature of the hydrocarbon caused by the increase in 
concentration of the latter (see section 5.5 below). 
 
5.4.4. Effect of promotion with Rh and/or Ir. 
In addition to Pt, bimetallic Pt-containing catalysts of the type Pt-Rh [44,87] and Pt-Ir 
[89,177-179] have been reported to be active in NOx reduction with hydrocarbons. With 
this in mind, and taking into account our findings regarding the effects of the catalyst 
support and the catalyst preparation method on deNOx performance, Pt/fMWCNTs, Pt-
Rh/fMWCNTs and Pt-Ir/fMWCNTs catalysts with 2 wt.% total metal loading (and 1:1 
metal-to-metal weight ratio in bimetallic formulations) were prepared via impregnation. 
Figure 5.11, which compares the performance of these three materials, illustrates how the 
monometallic catalyst shows a higher NO conversion than the bimetallic preparations.  
 
 
Figure 5.11. Combined plot comparing the performance of 2 wt.% Pt/fMWCNTs-I, 
1 wt.% Pt – 1 wt.% Rh/fMWCNTs-I and 1 wt.% Pt – 1 wt.% Ir/fMWCNTs-I in NO 
reduction with propene.  
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Additionally, the temperature at which the monometallic catalyst shows its maximum 
activity is ca. 30 ºC lower than that of the bimetallic catalysts and ca. 50 ºC lower that 
that of a 1:1:1 trimetallic preparation with the same total metal loading (not shown). 
Further, given that the same trends were observed when the formulations were prepared 
by the polyol method or when pristine MWCNTs were used as catalyst support, this 
behavior is clearly metal-dependent. The latter in turn suggests that the inferior catalytic 
performance shown by multimetallic catalysts can be attributed to the degree in which the 
HC-SCR reactants (propene in particular) are adsorbed on Rh and Ir vis-à-vis Pt (vide 
infra).  
 
Figure 5.11 shows that although the Pt-Rh/fMWCNTs catalyst represents the bimetallic 
formulation with the best NO reduction activity, its performance is inferior to that of the 
corresponding Pt-only catalyst. However, since all our bimetallic formulations had been 
prepared aiming for a 1:1 weight ratio between the two metallic components, the effect of 
the metal ratio on deNOx activity was of interest. A loading study was performed in 
which two Pt rich Pt-Rh catalysts with a 2 wt.% total metal loading were prepared using 
fMWCNTs as the support and impregnation as the preparation method. One of these 
catalysts had a 3:1 Pt to Rh weight ratio, while in the other these metals were in a 9:1 
proportion. Figure 5.12 compares the deNOx activity of the Pt-Rh catalysts with that of 
the corresponding Pt-only catalyst.  
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Figure 5.12. Combined plot comparing the performance of Pt/fMWCNTs-I to that 
of Pt-Rh/fMWCNTs-I with different Pt:Rh ratios in NO reduction with propene.  
 
From this figure, it is apparent that the catalyst with a 3:1 Pt:Rh ratio shows improved 
behavior compared to that of the Pt-only catalyst and represents the most active 
formulation prepared in the project. Table 5.2 summarizes and compares the reactor data 
for selected Pt-only and Pt-Rh catalysts. 
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Table 5.2. NO conversion data for selected Pt and Pt-Rh catalysts. 
Catalyst1 Tmax (ºC) 
Conv. to N2 
at Tmax (%) 
Conv. to 
N2O at 
Tmax (%) 
Conv. to 
NO2 at 
Tmax (%) 
NO conv. 
FWHM2 
(ºC) 
TOF3 at 
Tmax 
 (10-3 s-
1) 
Pt/MWCNTs-I 225 30.5 18.4 4.0 75 8.9 
Pt/fMWCNTs-I 205 33.0 20.4 1.7 80 6.8 
Pt/fMWCNTs-P 220 32.4 22.3 17.4 87 13.0 
1:1 Pt-Rh/ 
fMWCNTs-I 235 24.9 17.9 0.8 65 5.6 
3:1 Pt-Rh/ 
fMWCNTs-I 200 35.2 23.4 1.4 75 7.9 
9:1 Pt-Rh/ 
fMWCNTs-I 200 28.4 21.5 7.6 85 6.6 
9:1 Pt-Rh/ 200 28.4 21.5 7.6 85.0 6.6 
12.0 wt.% total metal loading for each catalyst. 
2Full Width at Half Maximum. 
3Turn Over Frequency defined as the number of NO molecules converted to N2 and N2O 
per surface precious metal atom per second.  
 
It is important to note that the turnover frequencies (TOFs) reported in this table were 
calculated using the median particle diameter of particles observable under TEM (>1 
nm). Since the existence of sub-nanometer particles has been proven by means of STEM 
(see Chapter 6) and all of the calculated TOFs fall within a very narrow range, these 
values should be approached with caution. As an incidental disclaimer, in heterogeneous 
catalysis TOFs can be misleading when it comes to measuring the effectiveness of a 
catalyst, since it is possible for a formulation to have a high TOF and a low catalytic 
activity. Indeed, in catalysts with low surface area per unit volume (i.e., few catalytically 
active surface sites) this is often the case, which is why the use of activity-selectivity 
plots is a more appropriate medium to illustrate the catalytic performance of a given 
formulation [180].  
 
Figure 5.13 shows the particle size distribution histograms of the three Pt-Rh catalysts. 
These histograms were acquired and compared in order to determine whether catalyst 
performance was influenced by particle size. 
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Figure 5.13. Particle size distribution histograms for 1.0 wt.% Pt – 1.0 wt.% 
Rh/fMWCNTs-I (left), 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs-I (center) and 1.8 
wt.% Pt – 0.2 wt.% Rh/fMWCNTs-I (right). 
 
In all three cases, the particle size distribution was centered on particles between 2 and 3 
nm in diameter and, in general, the histograms look quite similar. This suggests that the 
deNOx activity of Pt-Rh/fMWCNTs catalysts depends largely on the ratio in which the 
metals are present (without categorically ruling out the influence of the metal dispersion 
on catalytic activity). This observation is consistent with a literature report, in which a 
0.75 wt.% Pt – 0.25 wt.% Rh/Al2O3 catalyst was found to show the highest activity for 
NO conversion (∼60 % at 250 ºC) in a series of Pt-Rh catalysts with different Pt:Rh ratios 
[44]. However, this reference also reports an improvement in N2 selectivity for the 3:1 Pt-
Rh catalyst compared to that of the corresponding Pt-only formulation. Regrettably, such 
an improvement is not observed for fMWCNTs-based catalysts.  
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In the aforementioned literature report, the authors neglect to discuss the fundamental 
reason why a catalyst with a 3:1 Pt-Rh alloy as the active phase can outperform a Pt-only 
formulation in NO reduction with propene. However, a hypothesis is offered to explain 
the superior performance of the 3:1 Pt-Rh catalyst vis-à-vis 1:1 Pt-Rh and 1:3 Pt-Rh 
formulations with the same total metal loading. Firstly, these workers claim that the 
hydrocarbon can follow two reaction paths in the HC-SCR reaction, since it can either be 
directly oxidized into CO2, or be partially oxidized into carbonaceous radicals which can 
then proceed to react with NOx to yield N2 [181,182]. Thereafter, the authors conclude 
that an excess of Rh favors the former path over the latter, which results in a decrease in 
deNOx activity. In our work, spectroscopic and adsorption studies were carried out in an 
attempt to elucidate the role of Rh in the promotion of Pt-only CNTs-based formulations. 
The results of these studies are covered in the following chapter. 
 
Finally, Figure 5.14 shows the particle size distribution histograms of the 2 wt.% 
Pt/fMWCNTs-I and the 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs-I catalysts both before 
and after these catalysts were screened.  
 
 
 
 
 
 
 
 
 
 87 
 
Figure 5.14. Particle size distribution histograms for fresh 2 wt.% Pt/fMWCNTs-I 
(top left), 2 wt.% Pt/fMWCNTs-I after exposure for ~12 h to reaction conditions 
(top right), fresh 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs (bottom left) and 1.5 wt.% 
Pt – 0.5 wt.% Rh/fMWCNTs after exposure for ~12 h to reaction conditions (bottom 
right). 
 
A comparison between these histograms permits an assessment of the extent of metal 
particle growth resulting from exposure to the reaction conditions. Although the particle 
size distributions of the used catalysts seem to have shifted towards larger particles, these 
shifts would correspond to a particle growth of only 1-2 nm. This can be deemed to be a 
negligible growth, given the fact that the shift is within the range of the analytical error 
(vide supra). Further, particle growth was found to be very similar for both the mono and 
the bimetallic catalyst.  
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With the aim of further optimizing the 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs catalyst 
(the best formulation found in our work), an alternative preparation method was 
attempted based on a recent patent [183] describing the preparation of Pt-Rh three-way 
catalysts. In this method, the support is first dispersed in water and the appropriate 
amount of ethanolamine platinum (IV) hexahydroxide is added to the resulting 
suspension. The pH is adjusted to 6.0 with dilute aqueous ammonia solution to precipitate 
the Pt. After this, the appropriate amount of Rh(NO3)3 is added and the pH is adjusted to 
7.0 to precipitate the Rh. Finally, the suspension is centrifuged, the supernatant decanted, 
and the solid dried. Following this procedure, two catalyst batches were produced: one 
was tested for deNOx activity as-prepared, while the other was exposed to a flow of H2 at 
400 ºC for 3 h (a reduction step not included in the patent) prior to testing. Figure 5.15 
shows the deNOx performance of these two catalysts and compares it with that of a 
catalyst prepared via impregnation. 
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Figure 5.15. Combined plot showing the performance of three 1.5 wt.% Pt – 0.5 
wt.% Rh/fMWCNTs catalysts prepared by different methods in NO reduction with 
propene.  
 
As can be seen from the figure, neither of these newly prepared catalysts surpassed the 
NO reduction performance of the catalyst previously prepared by impregnation. 
However, it is interesting to note that of the two catalysts prepared by the patent method, 
only the one that was reduced showed an activity similar to that of the catalyst prepared 
by impregnation. On the other hand, the deNOx activity shown by the unreduced catalyst 
went from almost zero across the whole temperature range to that shown in Figure 5.15 
after a couple of hours under reaction conditions. This suggests that a slow in situ 
reduction of the Pt was taking place, which in turn indicates that Pt is required to be in 
the metallic state to catalyze the HC-SCR reaction. 
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5.4.5. Sodium promotion. 
The effects of Na+ addition on the performance of Pt/Al2O3 HC-SCR catalysts have been 
reported in the literature [184,185]. These effects, which include not only an increase in 
the deNOx activity but also an improvement in catalyst selectivity towards N2 when 
propene is used as the reductant, are thought to have their origin in the electrostatic field 
induced by the sodium cation, which strengthens the Pt-electron acceptor (NO and O2) 
bonds while weakening the Pt-electron donor (C3H6) bonds, as well as weakening the N-
O bond in adsorbed NO molecules [186].  Based on these reports, the promoting effect of 
Na+ was studied for Pt/fMWCNTs and Pt-Rh/fMWCNTs catalysts. Three Pt-
Na/fMWCNTs catalysts with different Pt:Na weight ratios (2:1, 2:5 and 2:10) were 
prepared by a method involving two sequential impregnations followed by Na precursor 
decomposition under He and Pt reduction under H2 [184]. These catalysts were then 
tested for deNOx activity using propene as reductant. Of these, only the 2:10 catalyst 
showed a promising performance (Figure 5.16). This can be rationalized on the basis that 
while adsorption of both oxygen and NO is enhanced by Na+ promotion, oxygen 
adsorption is favored since it is a stronger electron acceptor than NO. Therefore, for a 
given Pt loading and reductant concentration, the sodium loading has to be sufficiently 
high to enhance NO adsorption, while ensuring that oxygen adsorption is not taken to a 
regime at which the catalyst is poisoned [185]. As shown in Figure 5.16, the 2 wt.% Pt – 
10 wt.% Na/fMWCNTs catalyst shows a NO conversion of between 20 and 30% over the 
150 to 300 ºC temperature range.  
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Figure 5.16. Plot showing the performance of 2 wt.% Pt – 10 wt.% Na/fMWCNTs-I, 
2 wt.% Pt – 1 wt.% Na/fMWCNTs-I and 2 wt.% Pt – 5 wt.% Na/fMWCNTs-I in 
NO reduction with propene.  
 
Further, the NO reduction product seems to be almost exclusively N2. The deNOx activity 
shown by this catalyst is comparable to that reported in the literature for Pt-Na/Al2O3 
catalysts with similar Pt:Na ratios. However, the N2-selectivity shown by the 2 wt.% Pt – 
10 wt.% Na/fMWCNTs catalyst is considerably superior to that shown by both 
unpromoted Pt/fMWCNTs and Na+-promoted Pt/Al2O3 catalysts.  
 
Two alternative ways of preparing a 2 wt.% Pt – 10 wt.% Na/fMWCNTs catalyst were 
also attempted: 1) Pt and Na precursors were impregnated onto the support 
simultaneously before being reduced with H2, and 2) the Pt precursor was impregnated 
and reduced before the Na precursor was impregnated and decomposed. Unfortunately, 
the resulting catalysts showed disappointingly low NO reduction activity. TEM-EDS 
measurements performed in an attempt to understand the influence of the catalyst 
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preparation method on the observed catalyst behavior are discussed in the following 
chapter. 
 
The method that yielded the best performing Pt-Na catalyst was also used to prepare a 1 
wt.% Pt – 1 wt.% Rh – 10 wt.% Na/fMWCNTs catalyst. However, when tested, it 
showed rather poor NO reduction activity. This result was not completely unexpected, 
since it has been reported in the literature that Rh catalysts are inhibited by the presence 
of sodium. This is likely due to the fact that, contrary to the case of Pt, propene is not as 
strongly adsorbed on Rh as oxygen. Therefore, an excessive promotion of oxygen 
adsorption due to the presence of sodium leads to the inhibition of propene adsorption 
and oxidation [187].  
 
5.4.6. Examination of alternative metals and metal promoters. 
In order to study whether metals other than Rh and Ir could improve deNOx activity 
and/or selectivity, a number of catalysts in which Pt was alloyed with alternative metals 
were prepared and tested. The support and preparation method for these catalysts was the 
same in all cases; viz., fMWCNTs and impregnation, respectively. Pd, Co and Ag were 
alloyed with Pt in a 1:1 weight ratio, however, the performance of these catalysts in the 
180-300 ºC temperature range proved to be considerably inferior to that shown by the 
corresponding Pt-only catalyst. 
 
Further, given that Ag/Al2O3 has been reported to be one of the most active catalysts for 
NOx reduction by hydrocarbons [188], a Ag/fMWCNTs catalyst was prepared via the 
impregnation method. Since it is believed that Ag0 is the catalytically active phase in this 
reaction and the use of fMWCNTs as support should keep the metal in a more reduced 
state (as compared to oxidic supports), the preparation and screening of this catalyst was 
of particular interest. Unfortunately, this catalyst showed little or no activity in the 180-
300 ºC temperature range, independent of the reductant used (propene, decane and 
ethanol were tested). 
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Finally, since it has also been reported in the literature [189,190] that the addition of Rh 
to Ag/Al2O3 catalysts induces a significant improvement in deNOx performance, a 1.8 
wt.% Ag – 0.2 wt.% Rh/fMWCNTs catalyst was prepared and tested. However, the 
catalytic behavior of the material was also disappointing, regardless of the reductant used. 
 
5.5. Kinetic studies. 
Experiments were performed in order to determine relevant kinetic parameters (activation 
energies and reaction orders) for NO reduction with propene catalyzed by the two 
MWCNTs-based formulations with the most promising deNOx performance: 2 wt.% 
Pt/fMWCNTs and 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs. The results of these studies are 
condensed in Table 5.3. 
 
Table 5.3. Kinetic data for 2 wt.% Pt/fMWCNTs and 1.5 wt.% Pt – 0.5 wt.% 
Rh/fMWCNTs. 
Reaction order 
in NO 
Reaction order 
in C3H6 Catalyst 
Apparent 
activation 
energy 
(kJ/mol) 190 ºC 200 ºC 190 ºC 200 ºC 
2 wt.%Pt/fMWCNTs 57±4 0.21 0.21 -0.31 0.64 
1.5 wt.% - 0.5 wt.% Rh/fMWCNTs 58±8 0.13 0.28 -0.32 -0.46* 
*0.39 at 205 ºC. 
 
Several conclusions can be drawn from these data. First, the activation energy values are 
lower than those reported in the literature for Pt/Al2O3 (91 kJ/mol) [153], Pt-CeO2/Al2O3 
(182 kJ/mol) [191] and Pt-beta-coated cordierite monoliths (72±11 kJ/mol) [16]. Bearing 
in mind the improved performance of MWCNTs-based catalysts compared to that of 
formulations involving oxidic supports, this result is not unexpected. Also unsurprising 
were the more scattered activation energy values measured for the bimetallic catalyst 
compared to those of the monometallic formulation, given that in the former, the metal 
particles may cover the whole spectrum of Pt:Rh ratios, effectively behaving as a 
collection of catalysts and increasing the complexity of the system.  
 
 94 
The observed reaction kinetics reflect, among other factors, the effect of temperature on 
the adsorption of reactants on the active sites of the catalyst and the reaction orders for 
propene shown in Table 5.3 offer a good example of this. Negative reaction orders for 
C3H6 at 190 ºC signify that at low temperatures the surface of the catalyst is covered, and 
therefore poisoned, by propene. As the temperature increases and approaches the light-off 
temperature of the reductant, the reaction orders for propene become positive, indicating 
the availability of active sites made possible by the oxidation of the alkene. These 
findings are also consistent with the results reported in Figure 5.10, which show a shift in 
the peak NOx conversion to higher temperature upon increasing the propene 
concentration. 
 
In conclusion, several factors have been found to have a positive effect on the low 
temperature HC-SCR performance shown by MWCNTs-based formulations. These 
factors include the use of fMWCNTs as catalyst support, impregnation as the catalyst 
preparation method and a 3:1 Pt-Rh alloy as the catalytically active phase. Further, the 
use of high C:NOx ratios has been found to further increase the maximum NOx 
conversion shown by these catalysts. Finally, it has been determined that the activation 
energies shown by MWCNTs-based formulations towards the HC-SCR reaction are 
among the lowest reported in the literature, which is consistent with their improved 
deNOx performance in the low temperature regime. 
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 6. Probing Structure-activity Relationships in HC-SCR Catalysts. 
 
6.1. Introduction. 
Heterogeneous catalysis is, by definition, a surface phenomenon. Thus, the outcome of a 
heterogeneously catalyzed reaction is highly dependent on the nature of the catalytic 
surface. It is therefore important not only to be cognizant of the attributes of a catalyst 
under study, but to probe the relationship such attributes have with catalytic performance. 
Indeed, empirically elucidating relations between catalyst composition, metal particle 
size and morphology, support acidity and porosity on the one hand, and catalytic 
performance on the other, is immensely useful during the development and the 
optimization of a catalyst.   
 
A variety of methods are available to probe these structure-activity relationships, such as 
microscopy, fluorescence, diffraction, adsorption and reaction techniques [192]. 
However, spectroscopic techniques, in which a catalyst is excited and its response to the 
excitation is studied, have proven to yield particularly valuable information in this regard. 
This is especially true for techniques in which the particles or radiation emitted by the 
catalyst come from the first ten atomic layers of the sample, since surface specific 
information is obtained. Unfortunately, these surface sensitive techniques possess an 
intrinsic drawback, i.e., the fact that analyses must be performed in ultra high vacuum, 
which precludes the probing of the surface under reaction conditions. However, in order 
to address the latter issue, adsorption and reaction techniques can be used to complement 
surface sensitive spectroscopic techniques. Indeed, all surface characterization methods 
have both advantages and limitations and therefore, a successful research strategy should 
involve the combination of several techniques as a means to obtain the most meaningful 
information possible. 
 
With this in mind, MWCNTs-based lean deNOx catalysts were submitted to a variety of 
spectroscopic and adsorption techniques in an attempt to gain fundamental insights which 
might aid in the understanding and further improvement of these formulations. Among 
the analytical methods used throughout this work, three spectroscopic techniques were 
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instrumental in studying structure-activity relations: Energy Dispersive Spectroscopy 
(EDS), X-ray Photoelectron Spectroscopy (XPS) and X-ray Absorption Spectroscopy 
(XAS).  
 
EDS allows for the elemental analysis of samples being observed under the electron 
microscope. This is possible given the fact that matter emits X-rays when bombarded 
with electrons and the energy of these X-rays is characteristic for the emitting atom. 
Thus, the X-ray fluorescence caused by the electron beam in a TEM allows for the 
composition of a sample to be determined with remarkable spatial resolution [193,194]. 
In this work, TEM-EDS and STEM-EDS analyses were used not only to study the 
elemental composition of microscopic regions and individual nanoparticles in HC-SCR 
catalysts, but also to study the distribution of catalytically active components and 
promoters with respect to each other via elemental mapping. 
 
All photoemission spectroscopies are based on the photoelectric effect, a phenomenon in 
which the adsorption of a photon by an atom causes the latter to eject an electron. In 
XPS, X-ray photons are used to cause this ejection. Measuring the kinetic energy of the 
emitted photoelectrons allows for the calculation of their binding energy. Since a set of 
binding energies is characteristic for an element, XPS can be used to analyze sample 
composition. Further, due to the fact that the energy of electrons is slightly dependent on 
the chemical state of the atom, the calculated binding energies can also afford chemical 
information, such as the coordination environment and the oxidation state of a given atom 
[195-197]. Therefore, the oxidation state of the metallic phase in HC-SCR catalysts was 
investigated in some detail throughout this work by means of XPS. 
 
When an atom is irradiated with X-rays, absorption takes place and a photoelectron is 
produced when the energy of the incident radiation matches the binding energy of an 
electron within the atom. Thus, X-ray absorption spectra show a series of edges 
corresponding to the binding energies of all the electrons in the atom. However, if the 
emitting atom is in a lattice, the photoelectron (which has both particle and wave 
character) can be scattered back by a neighboring atom. The scattered wave then 
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constructively or destructively interferes with the outgoing primary wave, which 
modulates X-ray absorption and causes the spectrum to show fine structure near the 
adsorption edge. Depending on the proximity to the absorption edge, the analysis of this 
fine structure affords discrete pieces of information about the surface under study. Thus, 
X-ray Adsorption Fine Structure (XAFS) is divided into X-ray Absorption Near Edge 
Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS). The 
former allows the distinction between different oxidation states based on the position of 
the absorption edge, while the latter provides details about the coordination environment 
of the adsorbing atom [198,199]. In this work, XAFS was applied to the study of HC-
SCR catalysts in an attempt to obtain information regarding the oxidation state as well as 
the distance, number and type of neighbors of the metal atoms. 
 
As mentioned in the previous chapter, a degree of support acidity has been found to 
increase the maximum NOx conversion achieved by MWCNTs-based HC-SCR catalysts, 
as well as decreasing the temperature at which this maximum is reached. Thus, in 
addition to the aforementioned spectroscopic techniques, acidity measurements based on 
the Temperature Programmed Desorption (TPD) of ammonia were performed to further 
probe the relationship between support acidity and catalyst performance. TPD analyses 
are based on three main premises: 1) adsorption minimizes the energy of the adsorbate 
molecules through the formation of chemical bonds with a surface; 2) if an adsorbate-
surface complex is heated, the energy provided to the system will cause the adsorbate 
molecules to desorb; and 3) the desorption temperature is a good indicator of the strength 
of the adsorbate-surface bonds. 
 
Finally, in the previous chapter it was mentioned that the mechanism through which HC-
SCR performance is improved by the use of a 3:1 Pt-Rh alloy as the active phase 
remained to be elucidated. Given that the adsorption of C3H6 appears to precede its 
combustion, it could be hypothesized that the role of the alloy is to optimize the 
adsorption of the hydrocarbon. Thus, the TPD of C3H6 on fMWCNTs-based catalysts was 
also investigated as a means to probe this hypothesis. 
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6.2. Experimental methods. 
6.2.1. Elemental analysis under the Transmission Electron Microscope. 
TEM-EDS and STEM-EDS analyses were carried out either by converging the beam in 
TEM mode or using the 1 nm analytic probe in STEM mode. For elemental mapping, 
sample preparation consisted of lightly dusting catalyst powder onto a 200 mesh lacey 
carbon-copper grid.  Spectrum images were then obtained in STEM mode using the 
EmiSpec. Inc., EsVision software.  
 
6.2.2. Temperature Programmed Desorption (TPD) experiments. 
TPD experiments were performed using a Micromeritics AutoChem II 2920 system. In 
C3H6-TPD experiments, the catalysts were first heated to 300 ºC under He flow, reduced 
with H2 at this temperature for 30 min and then cooled to room temperature under 
flowing He. The reduced catalysts were then exposed to a flow of 2 % C3H6 in He for 1 h 
and then purged with He for 30 min prior to ramping the temperature to 500 ºC at a rate 
of 10 ºC/min under He flow. The evolution of desorbed gases during the temperature 
ramp was followed using a Pfeiffer OmniStar mass spectrometer. The parent ion of 
propene (m/z=41) was followed along with several other representative ions (m/z=26, 27, 
29, 40 and 42). The same procedure was followed in NH3-TPD experiments, except for 
the fact that samples were degassed at 300 ºC for 30 min under He flow instead of being 
reduced, the ammonia concentration was 5 % NH3 in He and the masses analyzed 
corresponded to the parent ion of ammonia (m/z=17), along with ions corresponding to 
m/z=16, 15 and 14. 
 
6.2.3. X-ray Photoelectron Spectroscopy (XPS) analyses. 
XPS analyses were performed on a PHI 5600 LS instrument, using an Al Kα X-ray 
radiation source. The analysis area was 1 × 3 mm and the C 1s line (285.0 eV) was 
employed as a binding energy standard.  
 
6.2.4. X-ray Absorption Fine Structure measurements. 
Catalysts and Pt references (including Pt0 foil, PtO2, and Pt(acac)2 were evaluated by 
XANES at Brookhaven National Laboratory.  Catalysts were re-reduced in an in situ flow 
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cell in flowing H2 (100 ccm) and He (300 ccm) at 300 oC and held for 30 min in flowing 
H2.  XANES spectra were recorded in transmission mode at the National Synchrotron 
Light Source (NSLS) at Brookhaven National Laboratory, Upton, New York, Beamline 
X18-b.  The beamline was equipped with a Si (111) channel cut monochromator.  A 
crystal detuning procedure was used to help remove harmonic content from the beam and 
make the relative response of the incident and transmission detectors more linear.  The X-
ray flux for the beamline was on the order of 1×1010 photons per second at 100 mA and 
2.8 GeV, and the usable energy range at X-18b is from 5.8 to 40 keV.  XANES spectra 
were recorded near the Pt LIII edge (11.5637 keV).  Sample thickness was determined by 
calculating the amount in grams per square centimeter of sample, wD, by utilizing the 
thickness equation: 
 
 wD = ln(I0/It)/Σ[(m/r)jwj] (6.1) 
 
where m/r is the total cross section (absorption coefficient/density) of element “j” in the 
sample at the absorption edge of the EXAFS element under study in cm2/g, wj is the 
weight fraction of element j in the sample, and ln(I0/It) was taken over a typical range of 
1 – 2.5.  An average value of wD from inputting both values was employed.  Based on the 
calculation for wD, and the cross-sectional area of the pellet, the grams were calculated.   
Boron nitride was utilized to dilute the sample, such that the wafer could be self-
supported.  Smooth wafers, free of pinholes, were pressed and loaded into the in situ 
XAS flow cell, and the treatment gas was directed to the sample area.  The cell was 
purged for a long duration of time with a high flow rate of inert gas to ensure removal of 
air, prior to the re-reduction treatment. For each XANES analysis, a linear combination of 
reference spectra for Pt0 (Pt foil) and Pt(II) (Pt(acac)2) was used to fit the spectra for 
catalysts after the reduction treatment using the WinXAS software [200]. The spectra did 
not exhibit any contribution from Pt(IV) oxide (i.e., PtO2).   
 
6.2.5. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) analyses. 
A Nicolet Nexus 870 FTIR system with a DRIFTS cell was employed. In a typical 
experiment, the sample was diluted with either KBr or silicon and loaded into a DRIFTS 
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cell with windows whose composition matched the diluent. The sample was then exposed 
to a flow equivalent to 500 ppm NO2 in N2 and the spectrum was acquired. 
 
Experimental methods for particle size analysis via H2 chemisorption and TEM 
observations have already been described in Chapter 4. 
 
6.3. TEM-EDS and STEM-EDS studies. 
As mentioned in the previous chapter, the presence of sub-nanometer particles in 
MWCNTs-based catalysts has been proven by means of STEM-EDS. The first indication 
of the existence of these particles was found during the analysis of a 1 wt.% Pt – 1 wt.% 
Ir/fMWCNTs-I catalyst via TEM, when it was noticed that several parts of the sample 
exhibited a “spotted” appearance. Given that these “spots” could actually be clusters of 
just a few metal atoms, more detailed STEM studies were subsequently performed. 
Tellingly, when these regions were analyzed via EDS, peaks corresponding to the 
deposited metals were observed. Figure 6.1 shows the TEM micrograph, the STEM 
micrograph (under contrast mode) and the EDS spectrum of one of these regions.  
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Figure 6.1. TEM micrograph of Pt-Ir/fMWCNTs-I (upper left), STEM (under 
contrast mode) micrograph of approximately the same region of the sample (upper 
right) and EDS spectrum showing peaks corresponding to both Pt and Ir (bottom). 
 
These results confirm the presence of small metal clusters. However, whether these 
clusters were mono or bimetallic in the case of bimetallic catalysts had yet to be 
determined. In order to verify whether it is possible to establish the elemental 
composition of particles of approximately 1 nm in diameter by means of EDS, a 2 wt.% 
Pt/fMWCNTs-I catalyst was first analyzed via STEM-EDS. Figure 6.2 shows a STEM 
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micrograph of this sample, along with the energy-dispersive X-ray spectrum of the region 
indicated by the red square.  
 
 
Figure 6.2. STEM micrograph of 2 wt.% Pt/fMWCNTs-I and EDS spectrum of the 
region highlighted in the micrograph. 
 
This figure confirms that it is indeed possible to use STEM-EDS in order to determine 
the elemental composition of small particles (<2 nm), at least in monometallic catalysts. 
Thus, analyses were then focused on the 1 wt.% Pt – 1 wt.% Rh/fMWCNTs-I bimetallic 
catalyst. Figure 6.3 shows a STEM micrograph of this catalyst and the EDS spectrum of 
the highlighted region.  
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Figure 6.3. STEM micrograph of 1 wt.% Pt - 1 wt.% Rh/fMWCNTs-I and EDS 
spectrum of the highlighted region. 
 
The figure confirms that for the Pt-Rh bimetallic catalysts, particles as small as 1 nm are 
true Pt-Rh alloys, which is consistent with the shape of the deNOx curves shown by these 
formulations. However, given that TEM is not a bulk technique and that only a small 
number of bimetallic particles were analyzed, these results are not conclusive with 
respect to whether the Pt:Rh ratio is fixed at the stoichiometric value in all particles, as 
opposed to varying from one particle to the next. It is also worth noting that for the 
bimetallic catalysts, STEM observations are in agreement with the particle size 
distribution histograms determined from TEM data.  
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In the scientific literature, two main variables have been invoked when trying to 
rationalize the catalytic performance of Pt HC-SCR catalysts: metal dispersion and 
support acidity. Burch [47] and Demicheli [170] have both concluded that high metal 
dispersion leads to less active catalysts in terms of turnover frequencies (TOFs). 
However, Denton et al. [171] have shown that lower dispersions do not translate into 
higher NOx conversions due to the fact that decreasing dispersion results in less (if more 
active) available sites. Thus, NOx conversion seems to be independent of metal dispersion 
[66]. On the other hand, the acidity of the support has been found to be crucial to NOx 
conversion and instrumental in the optimization of HC-SCR catalysts (see section 6.4.1 
below).  
 
As mentioned in the previous chapter, TEM-EDS measurements were also performed in 
an attempt to understand the influence of the catalyst preparation method on the 
performance of Na+-promoted MWCNTs-based catalysts. In general, two main features 
were observed in all Na+-containing samples: 1) large MWCNTs aggregates that, when 
analyzed via EDS, were shown to contain Pt and a significant amount of sodium, and 2) 
regions in which small bundles of MWCNTs (or even individual MWCNTs) resembling 
the appearance of sodium-free catalysts and confirmed to be free of sodium via EDS.  
Representative micrographs of these two types of regions in the 2 wt.% Pt – 10 wt.% 
Na/fMWCNTs-I catalyst are shown in Figure 6.4 and Figure 6.5, respectively.  
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Figure 6.4. TEM micrograph of a region containing a MWCNTs aggregate (left) 
within a 2 wt.% Pt – 10 wt.% Na/fMWCNTs-I catalyst, a close-up of the highlighted 
area (right), EDS spectrum of the highlighted area (top) and a close-up of the low 
intensity peaks of the spectrum (bottom). 
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Figure 6.5. TEM micrograph of a region containing well dispersed MWCNTs within 
a 2 wt.% Pt – 10 wt.% Na/fMWCNTs-I catalyst and EDS spectrum of the 
highlighted area. 
 
Since these two features were observed in all Pt-Na catalysts analyzed by TEM, the effect 
of the catalyst preparation method on catalyst performance cannot be explained on the 
basis of TEM data. There is also an apparent contradiction between the observations 
made with the electron microscope and the catalytic behavior of the 2 wt.% Pt – 10 wt.% 
Na/fMWCNTs-I catalyst: if indeed this catalyst has sodium-free regions, a higher 
selectivity towards N2O, closer to the one observed for sodium-free catalysts, would be 
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expected. In fact, it can be argued that these sodium-free regions are actually a product of 
the TEM sample preparation method, in which the material is dispersed by bath 
sonication for 5 min in a volatile organic solvent; i.e., agglomeration of the Na+ phase 
may occur during this process. Consequently, an alternative sample preparation method 
was used in subsequent STEM experiments performed to further probe the effect of the 
preparation method on catalyst performance within Na+-promoted catalysts (see section 
6.7 below). 
 
6.4. TPD studies. 
6.4.1. NH3-TPD. 
As shown in the preceding chapter, a degree of support acidity has been found to improve 
the deNOx performance of MWCNTs-based HC-SCR formulations in two distinct ways: 
1) by increasing the maximum NOx conversion achieved by the catalysts; and 2) by 
decreasing the temperature at which this maximum is reached.  
 
This phenomenon has previously been observed for HC-SCR formulations with oxidic 
and carbonaceous supports by other authors, most notably García-Cortés et al. [29]. 
These workers, based on results of Mass Spectroscopy - Temperature Programmed 
Desorption (MS-TPD) experiments in which C3H6 was used as the probe molecule, 
suggested that support acidity impacts hydrocarbon oxidation, which in turn determines 
the level of activity and the temperature window for the deNOx reaction. This appears to 
be consistent with the results of Niwa et al. These authors, through ammonia MS-TPD 
measurements, found that Brønsted acid sites play an important role in the cracking of 
hydrocarbons [201-203].  
 
Thus, the MS-TPD of NH3 was performed on pristine and functionalized MWCNTs in an 
effort to probe their acidity. The results of these experiments are shown in Figure 6.6. 
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Figure 6.6. NH3-MS-TPD profiles of pristine MWCNTs (left) and fMWCNTs 
(right). 
 
Although these measurements are qualitative, the considerably higher maximum shown 
by the main NH3-desorption peak on fMWCNTs clearly shows that fMWCNTs contain 
more acid sites than pristine MWCNTs. Further, it seems that the acid sites on 
fMWCNTs are slightly stronger, judging from the temperature at which the main NH3-
desoprtion peak shows its maximum (∼115 ºC for fMWCNTs vs. ∼100 ºC for pristine 
MWCNTs). Since increased acidity is believed to promote the cracking of the 
hydrocarbon and the temperature at which HC-SCR catalysts display their NOx 
conversion maxima is known to be coupled to hydrocarbon light-off, the higher acidity of 
fMWCNTs with respect to MWCNTs can explain why 2 wt.% Pt/fMWCNTs shows a 
higher NOx conversion maximum at lower temperatures than 2 wt.% Pt/MWCNTs. 
 
6.4.2. C3H6-TPD. 
Given that the adsorption of the hydrocarbon is a pre-requisite for combustion, these 
acidity studies were complemented with C3H6-TPD measurements on fMWCNTs-based 
catalysts. This was done in an attempt to investigate whether the use of a 3:1 Pt-Rh alloy 
as the active phase improves HC-SCR activity via enhancing the adsorption of C3H6 
(without taking the latter to a regime in which the catalysts is poisoned by the 
hydrocarbon).  Indeed, catalysts with a higher Pt:Rh ratio seem to be prone to some 
degree of deactivation, judging from their decreased  NOx conversion maximum and from 
the shift of Tmax (which is coupled to the hydrocarbon light-off) to higher temperatures. 
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Further, C3H6–TPD measurements were also performed on bare supports (MWCNTs and 
fMWCNTs) for comparison purposes. On one hand, a comparison between the C3H6–
TPD of fMWCNTs and PGMs/fMWCNTs could potentially provide information 
concerning different adsorption sites (the support vs. the metal), whereas a comparison 
between the C3H6–TPD and the NH3-TPD of the bare supports could provide valuable 
information with respect to the inherent acidity of the carriers. The latter is particularly 
important, since Lercher and co-workers have concluded that acidity measurements are 
dependent on the probe molecule used [204].  
 
Figure 6.7 shows the MS signals corresponding to both molecular and fragmentation 
species observed during C3H6-TPD on representative PGMs/MWCNTs catalysts, as well 
as on the bare MWCNTs and fMWCNTs supports. In order to account for the 
fragmentation of propene inside the mass spectrometer, three masses with perfectly 
differentiated signal contributions were chosen to represent molecular propene (m/z=40, 
41 and 42) and the same was done to represent fragmentation species (m/z=26, 27 and 
29). 
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Figure 6.7. C3H6-MS-TPD profiles of pristine MWCNTs (top left), fMWCNTs (top 
right), 2 wt.% Pt/fMWCNTs (bottom left) and 1.5 wt.% Pt – 0.5 wt.% 
Rh/fMWCNTs (bottom right). 
 
From the figure, it appears that propene and/or oligomers of propene are strongly 
adsorbed on pristine MWCNTs (these species desorbing at temperatures in excess of 300 
ºC), although a small amount of weakly adsorbed species is also observed. In contrast, the 
adsorption of weakly bound propene seems to be favored on fMWCNTs, which also 
show the ability to strongly adsorb a small amount of the alkene. In effect, pristine 
MWCNTs seem to be able to form stronger surface-adsorbate bonds with propene and 
propene-derived species than fMWCNTs. Arguably, the reason for the latter is the very 
effective π-π stacking that the aromatic outer wall of MWCNTs is known to establish 
with unsaturated species [205-207], which appears to be disrupted when the MWCNTs 
are functionalized.  
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When the profiles shown by fMWCNTs and 2 wt.% Pt/fMWCNTs are compared, it 
seems clear that adsorption takes place both on the metal and on the support, judging 
from the strongly adsorbed species (whose desorption occurs above 300 ºC) which are 
present on Pt/fMWCNTs and absent on fMWCNTs.  
 
Tellingly, a comparison between the TPD profiles shown by 2 wt.% Pt/fMWCNTs and 
1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs clearly indicates that stronger adsorption 
complexes are produced on the bimetallic catalyst. All experimental conditions being 
identical, the reason for this can be safely attributed to the presence of Rh and to its 
unique ability to strongly adsorb propene and propene-derived species. This unique 
ability of Rh is also indicated by a comparison between the C3H6-TPD profiles of the 3:1 
Pt-Rh/fMWCNTs catalyst with those of the bare fMWCNTs support. Indeed, the 
temperature at which the desorption of the most weakly bound species reaches its 
maximum shifts by more than 100 ºC to higher temperatures on the bimetallic catalyst, a 
phenomenon not seen on the monometallic formulation.  
 
Furthermore, it appears to be the case that the metal represents the main site from which 
adspecies desorb in the alloy catalyst. The latter is evidenced by the absence in the 3:1 Pt-
Rh/fMWCNTs TPD profiles of the desorption peaks with maxima at approximately 100 
ºC shown by fMWCNTs. If adspecies desorbed from both the support and the metal, the 
resulting TPD profiles would show two distinct peaks with maxima around 100 and 200 
ºC. It seems to be the case that although adsorption takes place both on the carrier and on 
the catalytically active phase, support adspecies tend to migrate to the metal (the shoulder 
shown by the desorption peak of the bimetallic catalysts may be indicative of adspecies in 
the metal-support interface). Arguably, this reverse spillover of propene (which has been 
proposed previously by García-Cortés et al. for Pt-based HC-SCR catalysts [29]), 
coupled to the ability of Rh to strongly adsorb C3H6, causes a higher concentration of 
hydrocarbonaceous species to be present on the bi-metallic catalyst at the temperature of 
maximum NOx conversion (200 ºC), which in turn may account for the improved deNOx 
performance shown by 1.5 wt.% - 0.5 wt.% Rh/fMWCNTs with respect to 2 wt.% 
Pt/fMWCNTs. This is consistent with the less than ideal performance of the 1 wt.% Pt – 
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1 wt.% Rh/fMWCNTs (in which the high Rh loading appears to take the hydrocarbon 
adsorption to a regime in which deactivation starts being observed). Parenthetically, an 
analogous deactivation mechanism has been proposed for Pt/Ba/Al2O3 NOx storage-
reduction traps, in which NOx desorbed from the support and the Ba phase was 
determined to undergo reverse spillover onto the Pt surface, effectively inhibiting the 
oxidation of propene and increasing the light-off temperature for CO2 production [208].    
   
Finally, the similarities between the C3H6–TPD and the NH3-TPD profiles of the bare 
supports confirm that fMWCNTs are more Brønsted acidic than MWCNTs, independent 
of the probe molecule used. 
 
6.5. XPS studies. 
An additional factor which may influence the NOx reduction activities of supported metal 
catalysts, but which to date has not been widely considered, is the oxidation state of the 
metal. Given that a more reduced PGM surface displays a lower amount of oxygen 
adatoms (and thus a higher amount of available Pt sites on which NOx and C3H6 can 
adsorb), catalysts in which the metal is kept in a more metallic state are expected to 
exhibit improved deNOx performance. Therefore, in this work four representative 
catalysts (2 wt.% Pt/Al2O3, 2 wt.% Pt/MWCNTs, 2 wt.% Pt/fMWCNTs and 1.5 wt.% Pt 
– 0.5 wt.% Rh/fMWCNTs) were analyzed via XPS in order to investigate the electronic 
state of the metals present. It is well known that as Pt particles become smaller, they 
show an increasing tendency to exist as the oxide, PtO. Thus, two different binding 
energies were expected in the X-ray photoelectron spectrum of each catalyst: 1) for large 
particles (>1 nm), a binding energy corresponding to Pt in its metallic state (Pt0); and 2) 
for small particles (<1 nm), a binding energy corresponding to PtO (Pt2+) [209]. 
Unfortunately, the total metal loadings of the catalysts proved to be too low for XPS to 
quantify the amount of Pt present in each oxidation state. Consequently, model catalysts 
with higher metal loadings were prepared and analyzed. 
 
Given that the metal particle size can greatly influence the degree of PtO formation, the 
metal dispersions of catalysts between which a comparison is to be made should be as 
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close as possible. Therefore, as a first step, a metal loading was chosen which would 
allow similar dispersions on MWCNTs, fMWCNTs and Al2O3 supports. Three Pt/Al2O3 
reference catalysts with different loadings (5 wt.%, 10 wt.% and 20 wt.%) were prepared 
(by impregnation) and their loadings were confirmed by XRF. Table 6.1 shows the metal 
dispersion and average Pt particle size of the catalysts, determined via H2-chemisorption, 
and compares them with the 2 wt.% Pt/Al2O3 formulation. 
 
Table 6.1. Metal dispersion and average particle size of model Pt/Al2O3 reference 
catalysts. 
Catalyst Dispersion (%) Average particle size (nm) 
2 wt.% Pt/Al2O3 100.0 1.0 
5 wt.% Pt/Al2O3 77.7 1.5 
10 wt.% Pt/Al2O3 57.4 2.1 
20 wt.% Pt/Al2O3 14.8 8.0 
 
Taking these values into account, and the fact that for MWCNTs-based catalysts the 
average particle size is consistently close to 2.0 nm, the 10 wt.% total metal loading was 
chosen and three representative catalysts (Pt/MWCNTs, Pt/fMWCNTs and 3:1 Pt-
Rh/fMWCNTs) were prepared via impregnation targeting this loading. The particle size 
distribution histograms of these three MWCNTs-based catalysts, along with that of the 
Al2O3-supported catalyst (all shown in Figure 6.8), were then obtained by means of TEM. 
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Figure 6.8. Particle size distribution histograms for 10 wt.% Pt/Al2O3 (top left), 10 
wt.% Pt/MWCNTs (top right), 10 wt.% Pt/fMWCNTs (bottom left) and 7.5 wt.% Pt 
– 2.5 wt.% Rh/fMWCNTs (bottom right) (200 particles measured per histrogram). 
 
As can be seen from Figure 6.8, all the particle size distribution histograms have their 
maxima in the 3-5 nm range. This validated the use of these catalysts for the XPS studies, 
which were subsequently carried out at an outside laboratory (RBD Enterprises, Bend, 
OR). Figure 6.9 shows an expanded view of the Pt 4d region in the XPS spectrum of the 
10 wt.% Pt/Al2O3 reference catalyst.  
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Figure 6.9. Expanded view of the Pt 4d region in the XPS spectrum of the 10 wt.% 
Pt/Al2O3 reference catalyst. The ranges shown in the spectrum correspond to those 
of the Pt 4d5/2 peak (right peak in the spectrum) as reported in the X-ray 
Photoelectron Spectroscopy Database of the National Institute of Standards and 
Technology (NIST) [140]. 
 
Given that analysis of the main Pt peak (4f) was rendered impractical due to interference 
from the Al 2p peak, peak fitting was performed on the Pt 4d5/2 peak. As shown in Figure 
6.9, the resulting fit indicates that approximately two-thirds of the analyzed Pt is in the 
metallic form while the remaining third is present as the oxide. Given the low signal 
intensity of this peak, the fitting results should be viewed with caution. Nevertheless, they 
provide a clear indication that a considerable fraction of the Pt is present in the oxidized 
form when alumina is used as the support. 
. 
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Figure 6.10 compares the Pt 4f peak of Pt/MWCNTs, Pt/fMWCNTs and 3:1 Pt-
Rh/fMWCNTs. 
 
Figure 6.10. Combined plot showing an expanded view of the Pt 4f region in the 
XPS spectra of 10 wt.% Pt/fMWCNTs (top), 7.5 wt.% Pt – 2.5 wt.% Rh/fMWCNTs 
(middle) and 10 wt.% Pt/MWCNTs  (bottom) catalysts. The ranges shown in the 
spectrum correspond to those of the Pt 4f7/2 peak (right peak in the spectrum) as 
reported in the X-ray Photoelectron Spectroscopy Database of the National Institute 
of Standards and Technology (NIST) [140]. 
 
As can be seen from the figure, the intensity of the peaks, which represents the amount of 
Pt analyzed, follows the order Pt/fMWCNTs > Pt-Rh/fMWCNTs > Pt/MWCNTs. Taking 
into account that XPS is typically only able to analyze the 4-5 outermost atomic layers 
within a sample, this ordering is consistent with the metal dispersions in the catalysts as 
Pt PtO/PtO2 
 117 
indicated by TEM. Further, in all cases the fitting of the 4f7/2 peak (the right peak in the 
spin-orbit doublets in Figure 6.10 for which the binding energy ranges are shown) 
indicated the presence of very little platinum oxide, if any at all (estimated at ≤5 % for 
each catalyst). This seems to be in agreement with the rationalization concerning the 
improved deNOx activity shown by MWCNTs-based catalysts compared to the activities 
shown by catalysts with oxidic supports; namely, that Pt is kept in a more reduced state in 
the former.  
 
To further ensure that the oxidation state of the metal is indeed a support effect and not a 
particle size effect, the XPS analysis of an Al2O3-based catalyst with a considerably 
lower metal dispersion was performed. A 20 wt.% Pt/Al2O3 catalyst was prepared, having 
a metal dispersion of ~15 % according to H2-chemisorption. In contrast, the three original 
model catalysts were determined to have dispersions of ~60 % by the same method. 
Reassuringly, when the 20 wt.% Pt/Al2O3 catalyst was analyzed via XPS, its spectrum 
(not shown) appeared to be very similar to that of the original 10 wt.% Al2O3-based 
model catalyst; i.e., ca. one-third of the Pt was present as the oxide. This corroborates the 
hypothesis that MWCNTs stabilize the metal in a more reduced state, a desired effect 
given that metallic Pt is believed to be the active phase in the HC-SCR reaction. 
 
Given that the amount of PtO is too low to be quantified in all MWCNTs-based catalysts, 
the XPS results also suggest that the effect that both Rh and the use of MWCNTs versus 
fMWCNTs have on the oxidation state of Pt is either negligible or nil.  
 
Finally, it is important to mention that during the preparation of the alumina-based 
formulations, the metal precursor was decomposed to Pt metal by the calcination (under 
air) of the green catalysts at 400 ºC for 2.5 hours. This is in contrast to the way in which 
Pt metal particles were produced when MWCNTs were used as the catalyst support 
(reduction under 10 % H2 in He at 350 ºC for 3.5 hours).  In order to probe whether the 
preparation method had any influence in the oxidation state of the metal, a 10 wt.% 
Pt/Al2O3 model catalyst was prepared by a method involving sequential impregnations 
followed by H2 reduction. After confirming its Pt loading by means of XRF and 
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determining its average Pt particle size to be ~2.0 nm by means of H2 chemisorption, this 
model catalyst was analyzed by XPS. Figure 6.11 shows an expanded view of the Pt 4f 
and the Al 2p region in the XPS spectrum of the 10 wt.% Pt/Al2O3 catalyst prepared with 
H2 reduction.  
 
 
 
Figure 6.11. Expanded view of the Pt 4f and the Al 2p region in the XPS spectrum of 
10 wt.% Pt/Al2O3 prepared by impregnation followed by H2 reduction. 
 
As shown in Figure 6.11, besides proving the presence of both metallic Pt and oxidized 
Al, the Pt 4f / Al 2p signal provides evidence for either another form of Pt or the presence 
of metallic Al. Given the unlikelihood of Al being present in the metallic form, XPS 
suggests that at least a fraction of the Pt is oxidized. Peak fitting of the Pt 4d5/2 signal (not 
Pt0 
Either Al0 or a 
second Pt 4f7/2 
signal 
AlOx 
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shown) also suggests the presence of two different forms of Pt; however, the results 
proved less than conclusive due to the rather symmetric nature of the peak. Consequently, 
X-ray Absorption Near Edge Structure (XANES) measurements on catalysts whose 
preparation included a H2-reduction step were performed at Brookhaven National 
Laboratory, with the aim of further probing the effect of the support on the Pt oxidation 
state.  
 
6.6. X-ray Absorption Fine Structure (XAFS) studies. 
In an attempt to further probe the effect of the catalyst support on the oxidation state of 
Pt, XANES studies were performed on three representative samples, namely 2 wt.% 
Pt/fMWCNTs, 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs and 2 wt.% Pt/Al2O3. All three 
samples were prepared by the same method (impregnation followed by H2-reduction) and 
determined to have comparable metal dispersions (~66 %) in order to ensure that the 
oxidation state of the metal was solely dependent on the catalysts support. In scouting 
experiments, the catalysts were re-reduced in situ under a flow of 25 % H2 in He at 300 
ºC for 30 min prior to XANES measurements. The results of these studies (summarized 
in Table 6.2) indicate that a higher fraction of Pt is in the reduced state in the alumina-
supported formulation.  
 
Table 6.2. XANES quantification of Pt present in different oxidation states (% of 
total Pt analyzed) calculated using a linear combination of reference spectra for Pt0 
(Pt foil) and Pt(II) (Pt(acac)2) to fit the sample spectra over the range 11.535 – 
11.615 keV. No contribution for Pt(IV) (PtO2) was observed. 
 
Sample Pt0 Pt2+ 
2 wt.% Pt/fMWCNTs 76.7 23.3 
1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs 89.6 10.4 
2 wt.% Pt/Al2O3 95.9 4.1 
 
Although these results seems to be in direct disagreement with those of XPS 
measurements which have suggested Pt to be more reduced in MWCNTs-supported 
catalysts (vide supra), the inconsistency can be attributed to the reduction step performed 
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before XANES analyses (no such step was taken prior to XPS measurements). Therefore, 
XAFS studies under an oxidative atmosphere closely resembling that found under real 
HC-SCR operating conditions (10 % O2) were deemed necessary in order to effectively 
use this technique to investigate the effect of the catalyst support on the oxidation state of 
Pt. Unfortunately, the execution of the latter studies was scheduled past the deadline for 
the submission of this dissertation, and thus the results were unavailable at the time the 
document was finalized. 
 
6.7. Elemental mapping. 
A set of elemental maps were acquired in order to gain further understanding of the most 
promising catalyst compositions identified in this work; i.e., the 1.5 wt.% Pt – 0.5 wt.% 
Rh/fMWCNTs and the 2 wt.% Pt – 10 wt.% Na/fMWCNTs catalysts. To this end, the 
samples were first imaged with the electron microscope under the transmission mode to 
find representative regions.  Once this was done, the microscope was switched to the 
scanning transmission mode under which the chosen region was simultaneously scanned 
and analyzed via EDS. After the scan was complete, the raw data were processed into 
intensity maps in which the brightness of a given pixel corresponds to the concentration 
of a particular element in that region of the sample. 
 
For the 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs catalyst, the main focus was on 
determining the location of Pt and Rh with respect to each other. Figure 6.12 shows the 
carbon, platinum and rhodium maps of a 1.5 wt.% - 0.5 wt.% Rh/fMWCNTs catalyst, 
along with the STEM micrograph in which the mapped region is highlighted, and a 
composite image of the three elemental maps.  
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Figure 6.12. STEM micrograph (top row, left) of a 1.5 wt.% Pt – 0.5 wt.% 
Rh/fMWCNTs catalyst; elemental maps (bottom row) for carbon (red), platinum 
(blue) and rhodium (green); and a composite image of all three elemental maps (top 
row, right). The maps were taken from the highlighted region in the STEM 
micrograph. 
 
Both the shape of the activity curves and previously executed STEM-EDS analyses (vide 
supra) have suggested Pt and Rh to be truly alloyed (even in particles as small as 2 nm) 
and, as can be seen in the figure, this fact was confirmed in the bulk material by an 
elemental map taken of a region of ~1 µm2. In order to correctly interpret these elemental 
maps, it is important to remember that a transmission electron microscope compresses a 
three-dimensional space into a two-dimensional image. Therefore, superimposed small 
precious metal particles should not be mistaken to be a single large particle. As can be 
seen in Figure 6.12, there are both Pt-rich and Rh-rich regions in the bulk material; i.e., 
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the distribution of these two metals throughout the support is not homogeneous. This is 
unsurprising, given the preparation method of this bimetallic catalyst. Indeed, the latter 
makes it reasonable to expect the resulting metal particles to cover the entire spectrum of 
Pt:Rh ratios.  
 
For the 2 wt.% Pt – 10 wt.% Na/fMWCNTs catalyst, emphasis was placed on 
determining the location of Pt and Na with respect to each other in an effort to rationalize 
the crucial effect that the preparation method exerts on catalyst performance. Figure 6.13 
summarizes the three different preparation methods used to synthesize the 2 wt.% Pt – 10 
wt.% Na/fMWCNTs catalyst, along with a STEM micrograph in which the mapped 
region is highlighted, and the corresponding carbon, platinum, and sodium elemental 
maps.  
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Figure 6.13. Carbon, platinum and sodium maps of three 2 wt.% Pt – 10 wt.% 
Na/fMWCNTs catalysts prepared by different preparation methods (the mapped 
region corresponds to the highlighted rectangles in the STEM micrographs). 
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In past TEM-EDS experiments, parts of the sample containing well-dispersed MWCNTs 
appeared to be Na-free. Given that this may have resulted from the use of a sample 
preparation method involving the dispersion of the sample in an organic solvent, this time 
a dry-mounting technique was used to load the sample onto the TEM grid (a less invasive 
method). Further, to ensure that the mapped regions were representative, the analyzed 
regions contained both well-dispersed MWCNTs and bulk-like material (as highlighted 
by the red rectangles on the STEM micrographs in Figure 6.13).  
 
Taking into account that the catalyst represented by the left column (henceforth sample 
A) was the only one showing promising performance, the maps were analyzed in an 
effort to rationalize the observed differences in catalyst properties. Comparing the Pt map 
in the left column with that in the middle column (henceforth sample B), the former 
seems to have a better Pt dispersion than the latter. Indeed, given that Na+ was present in 
large excess, simultaneous impregnation should lead to most of the ion exchange sites on 
the fMWCNTs support being occupied by Na+, which would be expected to result in a 
poor Pt dispersion. Thus, impregnating Pt before Na leads to a superior Pt dispersion, 
which might explain the improved deNOx activity of the resulting catalyst.  
 
Another feature of note is that the Na map in the right column (henceforth sample C) 
shows areas of high Na concentration that seem to match the location of Pt in the 
corresponding Pt map. This may explain the improved performance of sample A with 
respect to that represented by sample C, given that one could argue that carrying out 
sodium precursor impregnation/decomposition after Pt impregnation/reduction would 
cause Pt to be covered by a layer of Na+, which might deactivate the Pt. Interestingly, this 
Pt-Na match is also observed in sample B, while it appears to be absent from sample A. 
With regards to the manner in which such deactivation might occur, two explanations are 
offered: 1) a Na coating would prevent the HC-SCR reactants from reaching the Pt 
surface; and 2) due to the close location of the metals with respect to one other, the 
promoting effect of Na+ in the inactive catalysts may be considerably higher than that in 
the active catalyst. Indeed, several authors have established that the Na-loading window 
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in which promotional effects are observed is fairly narrow, since the sodium loading has 
to be sufficiently high to enhance NO adsorption, while ensuring that oxygen adsorption 
is not taken to a regime at which the catalyst is poisoned [184,185]. The latter may be 
occurring in the catalysts that show poor deNOx activity. 
 
XPS studies were subsequently performed at an outside laboratory (EAG, Sunnyvale, 
CA) in an attempt to determine the reason behind the lack of activity shown by samples B 
and C. Indeed, in the inactive catalysts, XPS should either show the catalyst surface to be 
enriched with Na (if deactivation occurred via the coating of Pt with Na) or a change in 
the Pt binding energy (if deactivation was caused by the proximity of the metals). The 
results of these measurements are shown in Tables 6.3 and 6.4.  
 
Table 6.3. Atomic concentrations (%) determined via XPS. 
 
Sample C N O F Na S Cl Pt 
A 82.7 0.4 8.7 0.5 7.4 <0.1 <0.1 0.09 
B 83.6 0.4 8.3 0.5 6.9 0.1 <0.1 0.10 
C 75.8 0.5 12.6 0.6 10.4 <0.1 <0.1 0.09 
 
Table 6.4. XPS quantification of Pt present in different oxidation states (% of total 
Pt analyzed) calculated from Pt 4f peak fitting. 
 
Sample Pt0 Pt in intermediate state PtO 
A 10 58 32 
B 7 47 46 
C 7 54 39 
 
Although these XPS results do not show the surface concentration of Na to be 
consistently higher in the inactive catalysts (see Table 6.3), the chemical state of Pt in the 
different samples is particularly interesting. First, it seems clear that the presence of Na 
causes a significant fraction (>30 %) of Pt to be present in the form of PtO; as stated 
above, in Na-free MWCNTs-based catalysts the amount of Pt oxides has been determined 
to be <5 %. Further, XPS peaks at binding energy values intermediate between that of Pt 
metal and PtO have been found to be the most prominent feature in the XPS spectra of 
Na-promoted catalysts (see Table 6.4). Figure 6.14 is shown as an example of the latter.  
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Figure 6.14. Pt 4f region in the XPS spectrum of 2 wt.% - 10 wt.% Na/fMWCNTs 
(sample A). 
 
It can be argued that the electrostatic field induced by the alkali cation causes most of the 
Pt to be in this intermediate (promoted) chemical state [210]. In turn, the comparatively 
higher fraction of metallic Pt and promoted Pt over PtO observed for sample A, may help 
to explain its superior activity as compared to the other Na-promoted catalysts. 
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6.8. DRIFTS studies. 
DRIFTS studies were attempted with the aim of identifying HC-SCR reaction surface 
intermediates, as well as establishing their location (i.e., whether they were adsorbed on 
the metal or on the support).  Taking into account the fact that MWCNTs are strongly IR-
absorbing materials, prior to analysis a series of catalyst dilutions in KBr were prepared. 
Given that surface species resulting from the adsorption of NO2 on Pt are known to 
possess relatively intense IR bands (compared to typical HC-SCR reaction surface 
intermediates), the diluted catalysts (contained in a cell equipped with KBr windows) 
were first exposed to a flow of 500 ppm NO2 in N2. However, although some peaks were 
observed, it was determined that they corresponded to KBr-adsorbed NO2 species. 
Therefore, a decision was made to use silicon in place of KBr, both for the cell window 
and as the diluent. Unfortunately, even when these changes were made and several 
experimental parameters essayed, the signal-to-noise ratio remained unacceptably low. 
On this basis we conclude that there is no realistic prospect of obtaining meaningful 
DRIFTS spectra on these MWCNTs-based catalysts. 
 
To summarize the findings in this chapter, the oxidation state of the metal can be invoked 
to explain the enhanced HC-SCR activity observed when MWCNTs-based materials are 
used as the support material as opposed to alumina. Further, it seems that the activity 
improvement observed when functionalized (as opposed to pristine) MWCNTs are used 
as the support is due to the cracking and subsequent partial oxidation of the hydrocarbon 
being facilitated by the increased acidity of fMWCNTs. Finally, the use of a 3:1 Pt-Rh 
alloy as the active phase improves HC-SCR activity via enhancing the adsorption of C3H6 
without taking the latter to a regime in which the catalyst is poisoned by the hydrocarbon. 
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 7. Mechanistic Studies on HC-SCR Catalysts.  
 
7.1. Introduction. 
Supported PGMs are among the best low temperature HC-SCR catalysts found to date, 
given their ability to show high conversion levels, their hydrothermal stability and their 
resistance to poisons. However, these materials also show two important drawbacks, 
namely a narrow temperature window of operation and an objectionably high selectivity 
towards N2O. In an attempt to gain fundamental insights that might help to address these 
limitations, the HC-SCR reaction mechanism on PGM-catalysts has been zealously 
investigated. Indeed, a survey of the scientific literature pertaining to this topic can prove 
befuddling, given the great variation within the experimental parameters used in the 
various studies, the results obtained and the conclusions drawn. Nevertheless, it is 
possible to find recurrent motifs that allow the proposed mechanisms to be classified into 
two distinct categories: those involving NO decomposition and subsequent oxygen 
removal by the hydrocarbon reductant and those involving the formation of C-N bonds. 
Within this chapter, these two types of mechanism will be reviewed in some detail prior 
to presenting the results of mechanistic studies performed on Pt/fMWCNTs. 
 
7.1.1.Mechanisms involving NO decomposition followed by HC-assisted surface 
reduction. 
This is undoubtedly the most straightforward mechanism proposed for the HC-SCR 
reaction. It was first proposed by Burch et al. in 1994 [47] and it avers that NO 
dissociatively adsorbs on reduced Pt sites forming nitrogen and oxygen adatoms. Nads 
species can then combine and produce N2, or react with weakly adsorbed NO and yield 
N2O. The hydrocarbon subsequently reacts with Oads (clean off step) to afford 
combustion products along with reduced Pt sites, thus closing the catalytic cycle [211]. 
This mechanism is shown schematically in Figure 7.1. 
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Figure 7.1. Schematic HC-SCR redox mechanism over a Pt surface. Reprinted from 
Catalysis Today, Vol. 46, V.I. Pârvulescu, P. Grange, B. Delmon, Catalytic removal 
of NO, Pages No. 233-316, Copyright (1998), with permission from Elsevier. 
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Both the NO conversion and the N2 selectivity curves shown by Pt catalysts can be 
explained by this mechanism. Arguably, the former owes its shape to the competition 
between NO and O2 for adsorption sites (low temperatures favor NO dissociation while 
high temperatures make Pt oxidation more likely), while the latter is due to NO 
dissociation being faster at higher temperatures (which makes the combination of two 
nitrogen adatoms to form N2 more probable than the combination of Nads and NOads to 
yield N2O). 
 
Evidence supporting this mechanism comes from different kinds of experiments, 
although some of the most cogent data have been obtained through transient Temporal 
Analysis of Products (TAP) and Steady-State Isotopic Transient Kinetic Analysis 
(SSITKA) [47,53,212,213]. 
 
Transient TAP reactor experiments have shown that when a reduced Pt surface is 
exposed to NO, a concomitant evolution of N2 is observed. However, no O2 is produced, 
arguably because Oads species resulting from the dissociation of NO start poisoning the 
catalyst surface, which is eventually completely oxidized and deactivated towards NO 
dissociation. Tellingly, when a reductant is introduced in the system in the absence of gas 
phase oxygen, NO dissociation resumes. The lack of direct interaction between NO and 
the reductant was confirmed by changing the time interval between the introduction of 
these reagents. Interestingly, experiments performed with different reductants (H2, CO 
and C3H6) showed that the use of propene shows only a small increase in the N2 yield. 
According to Burch and co-workers, this proves that most of the N2 is produced through 
the dissociation of NO, which is promoted by the higher reducing power of the 
hydrocarbon. However, a small contribution from a carbon-assisted NO decomposition 
[sic] mechanism is also invoked to explain the increase in the N2-make observed when 
C3H6 is used as the reductant. Finally, in order to probe whether volatile organic 
intermediates are involved in the HC-SCR reaction, the time between the introduction of 
the reagents (C3H6, O2 and NO) was changed. No difference in the N2 yield was observed 
and thus, it was concluded that this type of intermediate does not play a significant role in 
the reaction. 
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The important matter of the N2O-make has also been addressed by Burch et al. through 
SSITKA experiments in which the use of 15NO suggested that N2 is formed from two 
different surface species (Nads and NOads), while N2O is formed by two identical ones 
(NOads and NOads). Further, it has been proposed that the combination of Nads and NOads 
results in a transition state chemically (not electronically) equivalent to N2O. This 
transition state results in the desorption of N2 via the weakening of the two Pt-N bonds 
and the strengthening of the Pt-O bond. According to Burch, given that the desorption of 
N2O occurs through a similar process involving two NOads species, whether N2 or N2O is 
desorbed depends only on the probability of Pt-N bond breaking vs. Pt-O bond forming. 
In other words, a pseudo-absorbed form of N2O (which would not be in equilibrium with 
gaseous N2O) may be an intermediate in the formation of gas phase N2 at low 
temperatures. This is in agreement with the fact that N2O decomposition is slow at low 
temperatures on Pt catalysts (especially when there is a high competition for adsorption 
sites and in the presence of water) [83,214,215]. 
 
Other kinetic data, such as the power law order of reaction with respect to oxygen and the 
hydrocarbon are also consistent with a mechanism in which Pt is in a reduced state [216-
218]. Indeed, C3H6 adsorption occurs even under a large excess of oxygen, thereby 
keeping Pt completely reduced. The latter has been confirmed by experiments in which 
CO2 evolution is observed subsequent to the elimination of the hydrocarbon from the 
system.  
 
Although several authors have rejected this mechanism [216-222], Burch claims that all 
of the objections presented by these workers are open to alternative interpretations and 
that based on their results, a NO decomposition mechanism can not be excluded as a 
major contributor to the HC-SCR reaction on catalysts with PGMs as the active phase. 
 
7.1.2.Mechanisms involving the formation of C-N bonds. 
Most authors opposing the NO decomposition mechanism are proponents of mechanisms 
in which the hydrocarbon reductant reacts with oxygen adatoms (produced via the 
dissociative adsorption of O2) to yield surface oxygenated intermediates, which can then 
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react selectively with adsorbed or gas phase NOx to produce the HC-SCR reaction 
products [219]. The main evidence for these mechanisms comes from the detection of 
hydrocarbon-derived surface intermediates via infrared spectroscopy, although the 
reactions of model organic compounds on HC-SCR catalysts have also been adduced. 
Mechanisms involving the formation of C-N bonds can be further classified depending on 
the nature of the intermediate deemed crucial for the occurrence of the net HC-SCR 
reaction. Fortunately, most mechanisms fall into one of two main categories: those 
involving cyanide (-CN) or isocyanate (-NCO) surface species as an intermediate; and 
those invoving organo-nitro and related adspecies. 
 
7.1.2.1. Mechanisms involving cyanide or isocyanate species as an intermediate. 
Bamwenda, Captain and Amiridis can be counted amongst the principal proponents of a 
mechanism involving –CN and –NCO species as the critical intermediates. As early as 
1994, based on the results of Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) studies, Bamwenda et al. [223] started developing a mechanistic 
scheme in which adsorbed propene (or a derivative thereof) forms an oxygentated organic 
complex after interacting with oxygen. This complex can then undergo one of two 
transformations: 1) it can react with surface or gaseous oxygen to yield combustion 
products; or 2) it can react with adsorbed NOx species to form an intermediate that 
eventually fragments into –CN or –NCO. According to these authors, –NCO species can 
then react with adsorbed NOx or oxygen to produce another complex whose 
rearrangement yields N2, N2O, CO, CO2 and O2. This mechanistic scheme is shown in 
Figure 7.2. Interestingly, Bamwenda and co-workers also observed a qualitative 
relationship between the amount of N-containing adspecies detected via FTIR and the 
NO reduction rate [162,223].  
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Figure 7.2. Mechanistic scheme for the HC-SCR of NOx as proposed by Bamwenda 
(I* represents and excited intermediate). 
 
Captain and Amiridis also detected the presence of –CN and –NCO adspecies on both 
Pt/Al2O3 and Pt/SiO2 catalysts under HC-SCR reaction conditions through in situ FTIR 
spectroscopy. However, these authors also found differences in the way in which these 
two catalysts behave. On Pt/Al2O3, –NCO species formed by the reaction between a 
hydrocarbon derivative and gaseous or weakly adsorbed NOx, were found to be reactive 
towards NO, NO2 and O2. Further, isocyanate species formed in dry conditions 
hydrolyzed to NH3 when water was introduced to the system. Since it is possible for the 
resulting NH3 to selectively reduce NOx, the authors concluded that –NCO species are 
potential intermediates in the HC-SCR reaction both in the absence and in the presence of 
water. On the other hand, –CN species were deemed to be spectators due to the fact that 
they were found to be inert towards NO, NO2 and O2 [48]. Results of FTIR studies 
performed by Schieβer et al. are in agreement with the role assigned to –NCO and –CN 
species by Captain and Amiridis. However, Schieβer and co-workers furthered the results 
of these researchers by successfully coupling FTIR observations with catalytic activity 
measurements and by investigating the origin of cyanide and isocyanate species in depth. 
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Indeed, Schieβer has proposed that the formation of –NCO occurs by the reaction of NO 
with CO formed via the partial oxidation of C3H6. In turn, the oxidation of the resulting 
isocyanate species by NOx yields N2 and/or N2O, while their reduction produces inert 
cyanide groups [49]. In subsequent studies performed on Pt/SiO2 by Captain and 
Amiridis, surface isocyanate species were not detected, although cyanide surface species 
were observed. These workers proposed that cyanide species were formed by the reaction 
of NO with an activated surface hydrocarbon. Further, it was found that the reaction of 
the resulting –CN species with NOx formed N2, N2O, and CO2, while their reaction with 
O2 yielded N2 and CO2 [224]. Thus, on Pt/SiO2, –CN was deemed the potential HC-SCR 
reaction intermediate. The mechanistic proposal of Captain and Amiridis is illustrated in 
Figure 7.3. 
 
 
Figure 7.3. Mechanistic scheme for the HC-SCR of NOx on Pt/Al2O3 and Pt/SiO2 
catalysts as proposed by Captain and Amiridis (I* represents an activated 
hydrocarbon intermediate and * represents an adsorbed species). 
 
This type of mechanism has been thoroughly reviewed by Burch et al. [53,225], who 
have presented a series of objections. First and foremost, these authors claim that the very 
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detection of these species via IR spectroscopy proves that they are not real intermediates, 
since a true intermediate would react milliseconds after its formation. With respect to the 
work of Captain and Amiridis on Pt/Al2O3, Burch finds several other factors that suggest 
that –NCO species are not an important intermediate in the HC-SCR reaction. Indeed, 
Burch argues that: 1) the rate of reaction of –NCO species with NO under typical HC-
SCR conditions (<500 ppm NO) might be too slow; 2) if –NCO species mainly reside on 
the support, then they cannot easily participate in the HC-SCR reaction; and 3) no 
definitive correlation between the intensity of the isocyanate band and NO conversion  
has been established [226]. He also claims that the hydrolysis reaction that isocyanate 
species are known to undergo [227,228] make the lifetime of these species too short, 
although he concedes that the formation of NHx species may play a role depending on 
their rate of combustion under large oxygen excess. Nevertheless, in spite of all these 
objections, Burch also notes that it is difficult to unequivocally exclude these species as 
potential intermediates. Considering the work of Captain and Amiridis on Pt/SiO2, Burch 
has also expressed dissent. Indeed, he claims that the fact that the withdrawal of the HC-
SCR reagents from the system causes the evolution of N2 and N2O to cease almost 
instantaneously while the surface –CN concentration takes several minutes to decay to 
zero raises doubts about the participation of cyanide species in the HC-SCR reaction. 
Finally, this author has also claimed that since the reaction kinetics are almost unaffected 
by the catalyst support, it seems that neither –CN nor –NCO have a major role in the 
reaction mechanism. 
 
As already mentioned above, the use of model organic compounds has also been used to 
probe the HC-SCR reaction mechanism. For instance, Obuchi et al. have found that t-
butylnitrile N-oxide (tBuCNO) can easily isomerize to t-butyl isocyanate (tBuNCO) on 
bare alumina. The latter then decomposes to CO2 and t-butylamine, which in turn forms 
N2 in the presence of NO2. Thus, these authors have concluded that once intermediates 
like t-butylamine are formed, their conversion to HC-SCR reaction products is relatively 
straightforward [229]. 
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7.1.2.2. Mechanisms involving organo-nitro or related species as an intermediate. 
Some other authors have proposed that the HC-SCR reaction proceeds via the 
intermediacy of nitro and nitrite adspecies. Indeed, Tanaka et al. have detected these 
species on a Pt/SiO2 catalyst during the HC-SCR reaction through the use of IR 
spectroscopy. Tellingly, these species were found to rapidly react with NO2 and O2 to 
yield N2 and N2O. Further, experiments with pure compounds such as nitromethane and 
n-butylnitrite confirmed that these reagents can indeed react and form N2 and N2O at 
rates similar to those shown by the HC-SCR reaction [230].  
 
Joubert and co-workers have found some evidence suggesting that the formation of 
organo-nitro compunds is an initial step in the formation of HC-SCR reaction products 
[231,232]. Indeed, through Gas Chromatography – Mass Spectrometry (GC-MS) studies 
in which three different nitro compounds were used (1- and 2-nitropropane and 2-methyl-
2-nitropropane), these authors were able to prove that the hydrolysis of these molecules 
under HC-SCR conditions afforded NOx, N2O, N2 and CO2. Of particular interest to the 
researchers was the observation that the N2O-make was highly dependent on the degree 
of substitution of the carbon immediately adjacent to the nitro group, following the order 
1- nitropropane > 2-nitropropane >> 2-methyl-2-nitropropane. Further, when the products 
of the HC-SCR reaction were trapped and analyzed via GC-MS, Joubert et al. found 
nitriles, nitro and nitroso compounds. These observations led the workers to invoke 
liquid-phase mechanisms previously reported by Nef [233] (see Figure 7.4) and others 
[234] to explain the formation of N2O. However, Burch has also reviewed this proposal 
and concluded that the occurrence of these complicated reaction schemes under HC-SCR 
conditions is still uncertain and thus requires further evidence. 
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Figure 7.4. Mechanism of N2O production via 2-nitropropane hydrolysis as 
proposed by Nef. Reprinted from Applied Catalysis B: Environmental, Vol. 23, E. 
Joubert, T. Bertin, J.C. Ménézo, J. Barbier, N2O formation during organic nitro 
compounds’ hydrolysis on platinum based catalysts, Pages No. L83-L87, Copyright 
(1999), with permission from Elsevier.  
 
In summary, the HC-SCR mechanism on PGM-containing catalysts is an actively 
investigated and highly debated topic. To further complicate matters, it is recognized by 
most authors that the experimental conditions, as well as the nature and the state of the 
catalyst, may have an important role in determining the type of mechanism that is 
followed. Moreover, almost all workers agree on the fact that it is possible for several 
mechanisms to operate simultaneously. Indeed, Nikolopoulos et al. have found kinetic 
evidence which led them to conclude that a NO decomposition mechanism and a 
mechanism involving a C-N-type intermediate may operate in parallel [235].  
 
In recent years, a new mechanistic model that may help to resolve this lingering 
controversy has started to emerge. In effect, this approach reconciles the mechanism 
involving NO decomposition followed by HC-assisted surface reduction with the 
mechanisms involving carbon and nitrogen-containing intermediates by claiming that the 
clean off step can be effectively accomplished by CxHyOzNw species [236]. Further, these 
new types of mechanisms have been proposed based on experimental evidence obtained 
through techniques alternative to infrared spectroscopy, addressing one of the main 
- 
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objections presented against schemes involving nitrogen-containing organic 
intermediates. Most notably, García-Cortés et al. have recently reported a mechanism 
involving partially oxidized intermediates (whose combustion by gaseous O2 constitutes 
the clean off step) based on the study of reaction transients [237].  
 
A transient is created by switching one gas out of a reactant stream and replacing it with 
an equal volume and flow of an inert gas, while keeping both temperature and pressure 
constant. By tracking the concentration of the reactants and products before, during and 
after the formation of the transient, insight on the nature, concentration and reactivity of 
surface species can be gained. Relevant information can also be gathered from the reverse 
switch, i.e. substituting a reagent for an inert gas. Indeed, the reaction mechanism can be 
probed in considerable detail by submitting the various HC-SCR reactants to this 
methodology and performing the experiments at temperatures slightly below and above 
that of maximum NOx conversion (Tmax).  
 
In our work, attempts to elucidate the mechanism of operation of MWCNTs-based 
catalysts were first made by applying DRIFTS with the aim of identifying reactive 
surface intermediates. Unfortunately, due to the low signal-to-noise ratio caused by the 
high absorbance of MWCNTs in the infrared, these efforts were fruitless. Taking this into 
account, along with the already mentioned objections against the use of infrared 
spectroscopy in the study of the HC-SCR reaction, the application of the transient 
technique was chosen as a viable alternative to the investigation of the mechanism of 
operation of MWCNTs-based formulations.   
 
7.2. Experimental methods. 
7.2.1. Transient experiments. 
Experiments were performed in a horizontal tubular quartz reactor (5 mm internal 
diameter). The catalyst (34.5 mg) was packed into a ∼1 cm bed between plugs of quartz 
wool. The gas mixture flowing through the catalyst bed consisted of 2350 ppm NO, 2350 
ppm C3H6 and 10 % O2 balanced with He. The gas flows were regulated with mass flow 
controllers (0.1 mL/min sensitivity) and the total flow rate was kept at 300 cm3/min 
 139 
(STP), corresponding to a W/F = 0.002 g · h · dm-3. A four-way electro valve allowed for 
the switching of a reactant gas for an equal flow of an inert gas (1 % Ar in He) and vice 
versa, while a high precision regulation valve and two high sensitivity pressure 
transducers allowed for the switches to be performed without a concomitant pressure 
variation in the system. Temperature was kept constant using a controller with a 
sensitivity of 0.1 ºC/min and two thermocouples (one of which was embedded in the 
upstream quartz wool plug while the other was kept between the reactor and the furnace). 
The outlet gases were continuously analyzed using a Pfeiffer OmniStar mass 
spectrometer with a residence time of 10 ms. 
 
In a typical experiment, a gas mixture containing the reactant gases is flowed through the 
catalyst bed and the temperature is slowly increased until both the NO and C3H6 
conversion levels are deemed satisfactory (as a means to ensure the operation of the 
reactor in a differential manner, conversion levels were kept between 10 and 25 %). In 
order to avoid the build-up of unreactive spectator species, the reactant to inert gas switch 
is performed immediately after ensuring that steady state conditions have been attained. 
Likewise, the reverse switch is performed promptly after the new steady state conditions 
are reached. Finally, the temperature of the reactor is increased until the C3H6 conversion 
is quantitative and the switches are then repeated at this temperature. In this manner, 
NO/C3H6/O2  Ar/C3H6/O2, Ar/C3H6/O2  NO/C3H6/O2, NO/C3H6/O2  NO/Ar/O2, 
NO/Ar/O2  NO/C3H6/O2, NO/C3H6/O2  NO/C3H6/Ar and NO/C3H6/Ar  
NO/C3H6/O2 switches were performed both below and above the temperature of 
maximum NO reduction activity (Tmax), which was determined to be 280 °C. This 
contrasts with results obtained in previous microreactor tests (see Table 5.2), in which the 
temperature of maximum NO conversion (Tmax) was found to be 205 °C for the same 
Pt/fMWCNTs catalyst. This shift of Tmax to considerably higher temperatures can be 
ascribed to a substantial increase in the effective space velocity. Indeed, although the 
experiment was designed in order to set the space velocity at 50,000 h-1 (vide supra), the 
transient experiments were performed using significantly lower amounts of catalyst (∼30 
times smaller than the amount used in previous reactor runs), which made the 
measurement and control of both temperature and space velocity difficult. Nevertheless, 
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all of the experiments were performed using the same conditions, which allowed for 
reliable data to be obtained from these experiments. 
 
Mass spectrometry was used to follow the switches and the subsequent relaxation of the 
system, as well as to measure conversion levels and ensure steady state conditions. Prior 
to its use, experimental quadrupole cracking patterns were obtained for all the gases 
(reactants and products) involved, in order to determine the contribution of each species 
to the relevant m/z signals. A series of equations was then used to yield semi-quantitative 
values for gases of interest: NO, C3H6, O2, N2O, NO2, CO2 and Ar. Ultimately, to 
simplify the analysis of the transient profiles, these semi-quantitative values were 
normalized between 0 and 1.  
 
7.3. Transient experiments. 
7.3.1. Transient experiments below Tmax (260 ºC). 
7.3.1.1. NO/C3H6/O2  Ar/C3H6/O2 switch. 
 
  
Figure 7.5. NO/C3H6/O2   Ar/C3H6/O2 switch performed at 260 ºC.  
 141 
The first noticeable feature in the transient profiles corresponding to this switch is the 
closeness with which the NO signal follows that of Ar* (Ar*=1-Ar), which is attributed 
to the fact that under reaction conditions the amount of NO reversibly adsorbed on the 
catalyst surface is practically nil. The fall in the C3H6 profile can be explained by its 
reaction with oxygen (as well as with any residual NO), as evidenced by the 
corresponding increase in the CO2 concentration; this increase confirms that under SCR 
conditions hydrocarbon combustion is disfavored in spite of the vast oxygen excess. 
Indeed, this explanation is consistent with the delay of the hydrocarbon profile with 
respect to the NO signal, since the continuation of the NO reduction reaction is partially 
to blame for the slowness with which the Oads species (necessary in the combustion 
reaction) are known to be produced and/or react with adsorbed hydrocarbon species 
[238]. The shape of the O2 profile seems to agree with these observations, since in the 
few seconds that follow the switch, gas phase oxygen is most likely involved in three 
processes: 1) increased hydrocarbon combustion; 2) reaction with partially oxidized 
hydrocarbon species (CxHyOzNw); and 3) dissociative adsorption on vacant sites that 
become available immediately after NO is removed. Eventually, as steady state is 
approached and both the number of available sites and the amount of CxHyOzNw 
intermediates decrease, the new surface equilibrium is slowly established and the rate of 
oxygen consumption decelerates.  
 
With regards to the NO2 profile, both its noisiness and the striking similarities it has with 
the CO2 signal point to the NO2 profile being an artifact of CO2 interference. Indeed, if 
the amount of NO2 being produced prior to the elimination of NO from the system is 
small to begin with (as would be expected from the reaction conditions), the switch 
should only cause a negligible drop in the amount of NO2 that reaches the MS. Thus, the 
contribution of other gases to the m/z=46 MS signal (however small), becomes important 
(specially if the interfering gases are present in a relatively high concentration, as is the 
case with CO2). The shape of the CO2 signals corresponding to m/z=22, 28 and 44 (data 
not shown) is consistent with this explanation. 
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7.3.1.2. Ar/C3H6/O2  NO/C3H6/O2 switch. 
 
Figure 7.6. Ar/C3H6/O2   NO/C3H6/O2 switch performed at 260 ºC.  
 
For this particular switch, the outstanding trait is the very high maximum shown by the 
NO2 profile. Evidently, when gas phase NO is reintroduced to the system, it immediately 
starts combining with Oads species (with which the catalyst surface has become enriched 
in the absence of NO) to produce NO2. However, the NO profile also shows a sharp 
increase in the first couple of seconds following the switch, indicating that the oxidation 
of NO into NO2 is not quantitative. After this initial surge, the NO signal then proceeds to 
follow a more gradual increase to the steady state concentration. Tellingly, C3H6, O2 and 
CO2 signals also approach the steady state in a gradual fashion. From these curves, it is 
obvious that the direct reaction of C3H6 with oxygen continues for a considerable amount 
of time after the switch is made. Approximately 4 min after the switch, NO is no longer 
engaged in the production of NO2, at which point the combustion of the hydrocarbon is 
inhibited (the surface oxygen having been largely consumed) and NO reduction resumes. 
These observations suggest a model in which NO adsorption prevails over O2 adsorption, 
which is in accordance with the selectivity of the system.  
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Finally, the counterintuitive initial and final steady state levels shown by the NO2 profile 
must be addressed, since they seem to suggest that the amount of NO2 being produced is 
less in the presence of NO that in its absence. This paradox can be satisfactorily 
explained by invoking, once again, the interference of CO2 with the NO2 signal.  
 
7.3.1.3. NO/C3H6/O2  NO/Ar/O2 switch. 
 
 
Figure 7.7. NO/C3H6/O2   NO/Ar/O2 switch performed at 260 ºC. 
 
Below the temperature of maximum NO reduction activity, the elimination of the 
hydrocarbon reductant from the system is followed by a drastic drop in both the C3H6 and 
the CO2 signals. In the case of C3H6, the immediate fall of the profile to steady state 
levels reveals the amount of hydrocarbon reversibly adsorbed on the catalyst surface to 
be practically zero. As for CO2, the fact that the signal does not reach steady state levels 
right away suggests the presence of a residual amount of C3H6-derived species which 
continues to be oxidized after the hydrocarbon is withdrawn from the gas phase. It is 
worth noting that although hydrocarbon combustion continues for a short period of time 
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after the switch, the surface of the catalyst immediately starts experiencing oxygen 
enrichment, reflected in the gradual fall in the O2 profile. Parenthetically, the initial surge 
experienced by the NO2 signal indicates the presence of Oads species on the catalyst 
surface prior to the switch, but the fact that the latter signal quickly reaches steady state 
levels while the O2 profile does so in a much more gradual manner points to an oxygen 
enrichment of the catalyst surface subsequent to the exchange. Indeed, the NO profile is 
consistent with a surface covered mostly by NOads and C3H6-derived species. After the 
exchange, NO continues to be reduced by the latter, while it also starts to undergo 
oxidation to NO2. The occurrence of both reactions, and the speed with which the second 
occurs, accounts for the initial decrease in the NO signal, while the slow consumption of 
the C3H6-derived species to yield vacant sites on which NO can adsorb explains the long 
delay incurred before the system reaches steady state. Finally, it is apparent that the 
amount of NO2 produced at steady state is significant, since the overall amount of NO 
decreases (while an increase would be expected based solely on the elimination of C3H6 
from the system and the consequent interruption of the NO reduction reaction).  
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7.3.1.4. NO/Ar/O2  NO/C3H6/O2 switch. 
 
Figure 7.8. NO/Ar/O2   NO/C3H6/O2 switch performed at 260 ºC. 
 
When the hydrocarbon reductant is reintroduced to the system, the C3H6 profile follows 
two different kinetics, the faster one being represented by a spike subsequent to the 
switch which exhibits a slight delay with respect to Ar*. Associated with this spike is a 
rise in the CO2 profile. These observations are consistent with a model in which prior to 
the switch, the surface of the catalyst is covered with Oads. At first sight, the shapes of 
both NO and O2 profiles seem to be counterintuitive. One might expect a gradual fall in 
the NO profile and a sudden drop in the O2 signal caused by the resumption of NO 
reduction and C3H6 combustion, respectively. The sharp drop of the NO2 signal might 
provide an explanation. Indeed, if the amount of NO2 being produced prior to the switch 
is significant, a considerable rise in both the NO and O2 profiles would be expected upon 
introduction of the hydrocarbon. This rise is evidently large enough to overwhelm the 
drop in gas phase NO and O2 concentration resulting from the recommencement of the 
NO reduction and C3H6 combustion reactions.  
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7.3.1.5. NO/C3H6/O2  NO/C3H6/Ar switch. 
 
 
Figure 7.9. NO/C3H6/O2   NO/C3H6/Ar switch performed at 260 ºC. 
 
The first noticeable feature in this particular switch is the time the Ar signal requires to 
reach stability. Indeed, it is worth noting that this feature is consistently observed in every 
switch in which O2 is substituted by Ar, just as an initial spike over steady state levels in 
the oxygen signal is consistently observed when O2 is reintroduced to the system (vide 
infra). These features are not completely unexpected, since the relative concentration of 
oxygen with respect to the other exchanged gases (NO and C3H6) is considerably (~40x) 
higher and this has an appreciable impact on the amount of time the system requires to 
attain stability after the switch. Nevertheless, given the fact that this affects all signals 
equally, the use of these profiles can still yield relevant information as long as this 
intrinsic experimental shortcoming is factored into their interpretation. The plummeting 
of the O2 signal indicates that, as for NO and C3H6, the amount of oxygen reversibly 
adsorbed on the surface of the catalyst is essentially zero. Further, the sudden drop that 
the NO2 and CO2 profiles experience immediately after oxygen is withdrawn from the 
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stream suggests either that the amount of oxygen irreversibly adsorbed on the catalyst 
surface also is negligible or that the oxidation reactions that produce these products 
involve gas phase oxygen as opposed to oxygen adatoms. Interestingly, the fall in the 
NO2 signal is slightly delayed with respect to that of CO2, just as the initial rise in the NO 
signal is delayed with respect to that of C3H6. This not only confirms that the kinetics of 
the hydrocarbon combustion reaction are faster than those of NO oxidation, but also 
suggests that in the absence of the latter reaction the NO and C3H6 profiles would not be 
offset; as it is, they are very similar in appearance. This, in turn, suggests that both NO 
and C3H6 are involved in the production of partially oxidized hydrocarbon species crucial 
for the occurrence of the HC-SCR reaction, as has been suggested by other authors 
[44,237]. 
 
7.3.1.6. NO/C3H6/Ar  NO/C3H6/O2 switch. 
 
Figure 7.10. NO/C3H6/Ar   NO/C3H6/O2 switch performed at 260 ºC. 
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In essence, all of the observations made for the switch in which O2 is eliminated from the 
feed are confirmed when this reactant is reintroduced to the gas stream. As stated above, 
the initial spike above steady state levels experienced by all reactants immediately after 
the switch is attributed to the system’s response to the pressure drop that accompanies the 
exchange. It is important to note, however, that a rise above steady state levels has been 
observed by other authors [237] for the oxygen signal alone, the spike being attributed to 
the inability of O2 to adsorb or react immediately after the switch. Thus, for the particular 
case of oxygen, a potential contribution of the aforementioned phenomenon to the 
signal’s maximum cannot be ruled out. The difference in the kinetics of hydrocarbon 
combustion (fast reaction) and NO oxidation (slower reaction) is clearly shown by the 
fast rise of the CO2 signal and the comparatively slow rise of the NO2 profiles. Further, 
the different maxima shown by the NO and the C3H6 signals can also be attributed to the 
dissimilar rates of the oxidation reactions in which these two gases are involved. Finally, 
the similarities between the NO and C3H6 profiles once again suggest their participation 
in the production of new partially oxidized hydrocarbon species over vacant Pt sites made 
available by the combustion reaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 149 
7.3.2. Transient experiments above Tmax (300 ºC). 
7.3.2.1. NO/C3H6/O2  Ar/C3H6/O2 switch. 
 
 
Figure 7.11. NO/C3H6/O2   Ar/C3H6/O2 switch performed at 300 ºC.  
 
Given that hydrocarbon comsumption is quantitative at this temperature, both the C3H6 
and the CO2 profiles are omitted (the initial and final steady states being the same, the 
normalization yields nothing but noise). The same could be said with regards to the O2 
signal, which shows no significant change. As soon as NO is eliminated from the stream 
both the NO and NO2 signals immediately decline, although the NO2 signal is slightly 
delayed with respect to that of NO. These observations are consistent with a model in 
which prior to the switch, NO is adsorbed on the catalyst surface and undergoing both 
reduction and oxidation, although hydrocarbon combustion is the prevalent reaction. 
Indeed, the lack of variation in the O2 signal indicates that the amount of NO2 being 
produced prior to the switch is negligible.  
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7.3.2.2. Ar/C3H6/O2  NO/C3H6/O2 switch. 
 
 
Figure 7.12. Ar/C3H6/O2   NO/C3H6/O2 switch performed at 300 ºC.  
 
The C3H6, CO2 and O2 profiles are omitted from the switch in which NO is reintroduced 
to the system for the same reasons they were left out from the switch in which NO was 
withdrawn (vide supra). Considering the NO and NO2 profiles, a sharp rise in both 
signals is observed immediately after the exchange. In the case of NO, this rise surpasses 
the final steady state level and then slowly decays to the latter, while the NO2 signal 
shows an initial surge followed by a more gradual increase to its steady state level. 
Evidently, after the exchange NO instantly starts being oxidized to NO2, which is 
consistent with a model in which the catalyst surface is oxygen-rich prior to the switch. 
The occurrence of NO oxidation can also explain the gradual fall of the NO signal after 
the latter reaches its initial maximum, although a contribution from the slow 
recommencement of the NO reduction reaction cannot be ruled out. 
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7.3.2.3. NO/C3H6/O2  NO/Ar/O2 switch. 
 
 
Figure 7.13. NO/C3H6/O2   NO/Ar/O2 switch performed at 300 ºC. 
 
The soaring of both NO2 and O2 signals above steady state levels immediately after the 
elimination of C3H6 from the gas phase is the most conspicuous element within this 
switch. The rise of these two signals is accompanied by a plunge in the CO2 profile, 
which is indicative of a very low surface concentration of combustible species prior to the 
switch. Both the noisiness of the NO2 signal and the almost instantaneous rise of the NO 
profile to steady state levels suggest that only a small fraction of the newly available O2 
becomes involved in NO oxidation. Instead, it is apparent that after an initial surge in the 
concentration of oxygen in the gas phase, dissociative adsorption (a slow process) 
becomes the most prevalent route for O2 consumption, as evidenced by the gradual drop 
of both the oxygen and the NO2 signals to steady state levels. 
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7.3.2.4. NO/Ar/O2  NO/C3H6/O2 switch. 
 
 
Figure 7.14. NO/Ar/O2   NO/C3H6/O2 switch performed at 300 ºC. 
 
In this particular switch, the reintroduction of C3H6 to the system is accompanied by a 
dramatic decrease in the NO2 profile to levels considerably lower than those 
corresponding to the final steady state. Only the reaction of the hydrocarbon with NO2 
could account for such an immediate plunge in the NO2 signal. Indeed, the swift rise of 
the CO2 profile signals the instantaneous recommencement of the C3H6 combustion 
reaction, as does the shape of the oxygen profile. Finally, the rapid drop of the NO signal 
to steady state levels points to the resumption of NO reduction. 
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7.3.2.5. NO/C3H6/O2  NO/C3H6/Ar switch. 
 
 
Figure 7.15. NO/C3H6/O2   NO/C3H6/Ar switch performed at 300 ºC. 
 
As observed in previous switches in which O2 is the exchanged reactant, the Ar signal 
requires a considerable amount of time to achieve stability. This particular feature has 
already been accounted for (vide supra). The immediate fall to steady state levels shown 
by the O2 and the CO2 signals after the exchange points to a surface which prior to the 
switch has a low coverage of both reversibly adsorbed oxygen and combustible C3H6-
derived species. Further, the delay of the NO2 signal with respect to the CO2 profile 
suggests that the occurrence of NO oxidation outlasts the combustion of the hydrocarbon 
subsequent to the switch. The latter is consistent with the delay of the NO signal with 
respect to the C3H6 profile.  
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7.3.2.6. NO/C3H6/Ar  NO/C3H6/O2 switch. 
 
 
Figure 7.16. NO/C3H6/Ar   NO/C3H6/O2 switch performed at 300 ºC. 
 
While the withdrawal of O2 yields fairly similar profiles below and above Tmax, the 
system shows vastly different responses when oxygen is reintroduced to it at different 
temperatures. The drop of the C3H6 signal to the steady state levels immediately after the 
exchange, the initial spike above steady state levels in the CO2 profile and its subsequent 
gradual decay to stationary values are all indications of a surface that had become 
enriched with carbonaceous species prior to the switch. Nevertheless, as the initial rise in 
the NO2 profile and the concomitant fall in the NO signal show, the catalyst surface also 
has a relatively high concentration of NOads species that quickly react with oxygen to 
yield NO2. While the initial response shown by all signals has already been accounted 
for, a contribution from the response of the system to the reintroduction of a reactant 
whose concentration vastly exceeds that of any other species cannot be neglected. With 
the exception of the hydrocarbon, all of the species seem to follow two distinctly 
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different kinetics as they attain steady state. After an initially drastic rise or drop, most 
species then approach steady state in a more gradual fashion, presumably due to the 
resumption of the NO reduction reaction.  
 
7.4. The state of the catalyst surface. 
During heterogeneous catalysis, the adsorption (either molecular or dissociative) of at 
least one of the reactants is a prerequisite for catalysis to occur. Once adsorption has 
taken place, the resulting adsorbed species can then react with other adsorbed species or 
with reactants in the gas phase. Probing the state of a catalyst at a given temperature is 
complicated by the different rates at which the different species adsorb and react. 
However, it is possible to compound a picture of a catalyst surface in steady state since, 
by definition, an equilibrium between the aforementioned phenomena must be 
established at this condition. Indeed, it is through the disruption of this equilibrium that 
reaction transients allow for the state of the catalyst to be elucidated. 
 
Therefore, the first condition that must be met to perform a transient mechanistic study is 
to ensure the catalysts is operating at equilibrium, i.e., displaying a constant reaction rate. 
For continuous tubular (plug-flow) reactors like the one used in this work, the reaction 
rate can be assumed constant over the catalyst bed length only at low conversion levels 
[239]. Thus, at the temperature of maximum activity (Tmax), the very high conversion of 
reactants into products precludes the use of transients to probe the state of the catalyst 
surface. However, this state can be interpolated from the state of the catalyst at 
temperatures above and below Tmax. It is therefore necessary to consider all the possible 
adsorptions and reactions that can take place on the catalyst surface before discussing 
which of these are favored at a particular temperature.   
 
The HC-SCR reaction in its simplest form involves three reactants (O2, NO and C3H6), 
each one exhibiting different degrees of complexity in its adsorption on a clean Pt 
surface. The only route for O2 to adsorb on Pt is dissociatively, oxygen adatoms being the 
only possible outcome. NO can undergo both molecular and dissociative adsorption, 
which generate NOads or nitrogen and oxygen adatoms, respectively. C3H6 can also 
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follow both adsorption paths, but the higher number of atoms in this molecule make 
possible for it to display a variety of cracking patterns when dissociatively adsorbing, 
thus increasing the number of potential resulting species. For convenience, these 
hydrocarbon-derived species can be given the general formula CxHy. 
 
The catalyst surface can therefore contain nitrogen and oxygen adatoms, as well as NOads 
and CxHy species. Further, these species can react with each other to yield adsorbed HC-
SCR reaction products (CO2, H2O, N2, N2O or NO2) and/or intermediates (CxHy, CxHyOz 
or CxHyOzNw) that need to undergo additional reactions before evolving into these 
reaction products. Alternatively, the adsorbed species can react with gas phase reactants 
and even with desorbed products, giving the system a tantalizing complexity. Fortunately, 
the systematic application of the transient technique (in which only one reactant is 
withdrawn or reintroduced at a time) can greatly simplify the analysis of the catalyst state 
at a given temperature. 
 
7.4.1. The state of the Pt/fMWCNTs catalyst below Tmax. 
The most relevant insight gained through experiments performed below the temperature 
of maximum activity is that at this temperature NO adsorption is favored over O2 
adsorption. In light of this, the low concentration of oxygen adatoms in the catalyst 
surface points to the fact that although NO may undergo both molecular and dissociative 
adsorptions, the former is clearly favored. These experiments also show that, at this 
temperature, the Pt surface is rich in C3H6-derived species (CxHy). Thus, the most 
prevalent species on the catalyst surface should be CxHy and NOads species, as well as 
their reaction product: partially oxidized hydrocarbon species (CxHyOzNw). Given the fact 
that the presence of oxygen is required for the HC-SCR reaction to occur and that the 
surface coverage by Oads is low, it seems that these adsorbed species need to react with 
gas phase oxygen in order to become HC-SCR reaction products. Indeed, the latter 
appears to be the favored reaction at this temperature. However, CxHyOzNw species 
appear to follow two distinct reaction paths: one leading to the production of N2, the other 
to the production of N2O. Since oxygen adatoms are believed to be involved in the 
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production of NO2, a low surface concentration of Oads species is also consistent with the 
almost negligible amount of NO2 observed at temperatures below Tmax. 
 
7.4.2. The state of the Pt/fMWCNTs catalyst above Tmax. 
Above the temperature of maximum activity, oxygen adsorption is favored over NO 
adsorption, which has several consequences. First and foremost, the catalyst surface 
becomes enriched with oxygen adatoms. Obviously, this favors the occurrence of 
oxidation reactions which CxHy and NOads species undergo to produce CO2 and NO2, 
respectively. These oxidation reactions show very fast kinetics. This considerably reduces 
the surface concentration of CxHy and NOads species that can react and produce partially 
oxidized hydrocarbon species (CxHyOzNw), which in turn hinders the occurrence of the 
HC-SCR reaction. The amount of surface CxHy species is further reduced by their 
reaction with NO2, which is also known to follow fast kinetics.  
 
7.4.3. The state of the Pt/fMWCNTs catalyst at Tmax. 
According to Obuchi et al., at the temperature of maximum activity, the amount of 
partially oxidized hydrocarbon intermediates should also reach a maximum [44]. 
Therefore, at Tmax, the surface of the catalyst must show a maximum with respect to the 
adsorption of both C3H6 and NO and/or the fastest reaction kinetics between CxHy and 
NOads to yield CxHyOzNw intermediates. This is consistent with the results of XPS studies 
in which at Tmax Pt was found to be both in the metallic state and as Pt2+ [209]. Indeed, Pt 
sites in which partially oxidized hydrocarbon species are adsorbed should bear a charge, 
while metallic Pt sites should be generated when CxHyOzNw species react with gas phase 
oxygen to yield HC-SCR products.  
 
7.5. Mechanistic conclusions. 
Mechanistic studies were undertaken in an attempt to gain fundamental insights which 
may inform further improvements to Pt/fWMTNs as a low temperature HC-SCR catalyst. 
Taking the results into account, the prevalence of four main reactions would amount to 
the ideal HC-SCR reaction cycle:  
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 NO(g) + *  NOads (7.1) 
 C3H6(g) + *  CxHy ads (7.2) 
 CxHy ads + NOads  CxHyOzNw ads (7.3) 
 CxHyOzNw ads + O2(g)  * + N2 + CO2 + H2O (7.4) 
 
although it is possible for some of the redox reactions proposed by Burch et al. to occur 
simultaneously without negatively impacting the performance of the catalyst: 
 
 NO(g) + 2*  Nads + Oads (7.5) 
 Nads + Nads  2* + N2  (7.6) 
    
The exclusive occurrence of reactions (7.1)-(7.6) would maximize the degree to which 
the hydrocarbon achieves the complete reduction of NOx, thus optimizing both the deNOx 
activity and the selectivity towards N2 shown by a supported PGM HC-SCR catalyst. 
However, a series of undesired reactions also seems to take place:  
 
 NOads + Oads  * + NO2 ads  2* + NO2(g) (7.5) 
 CxHy ads + Oads  2* + CO2 + H2O (7.6) 
 CxHy ads + NO2 ads  2* + CO2 + H2O + NO(g) (7.7) 
 
Reactions (7.5)-(7.7) are favored when O2 adsorption prevails over NO adsorption (above 
Tmax) and their occurrence has a negative impact on the deNOx activity shown by the 
catalyst. Thus, there is a vested interest in minimizing the incidence of these last three 
reactions. Furthermore, in order to improve N2-selectivity, the occurrence of other 
reactions, which may also be taking place, should be avoided as well: 
 
 2NO  + *  Oads + N2O (7.8) 
 Nads + NOads  2* + N2O (7.9) 
 CxHyOzNw ads + O2(g)  * + N2O + CO2 + H2O (7.10) 
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As mentioned in the second chapter of this dissertation, several workers have reported 
that although supported Rh catalysts require higher temperatures to achieve lower NOx 
conversion maxima when compared to similar Pt catalysts, formulations with Rh as the 
active phase display wider activity windows of operation and show better N2-selectivity 
across the whole temperature range. Thus, the use of Pt-Rh/fMWCNTs alloy catalysts 
was investigated in an attempt to develop a formulation showing a high conversion 
maximum at low temperature accompanied by a wide activity window and improved N2-
selectivity. A 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs catalyst was found to be quite 
promising, although its selectivity towards N2O is disappointingly similar to that of the 
monometallic catalyst. The latter, though unfortunate, might provide valuable 
mechanistic clues, as proven by C3H6-TPD measurements performed on the mono- and 
the bimetallic catalysts, as well as on bare MWCNTs and fMWCNTs supports (see 
previous chapter). First, it appears from the TPD profiles that a reverse spillover step 
involving the migration of C3H6 and/or C3H6-derived species from the support to the 
metal is taking place. Second, it is clear that hydrocarbonaceous species bind more 
strongly to the Pt-Rh alloy than they do to Pt alone. Based on these observations, it seems 
that the study of reaction transients on Rh and Pt-Rh alloy HC-SCR catalysts could yield 
additional insights on the HC-SCR reaction mechanism on supported PGM catalysts. 
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 8. Preparation, Characterization and Testing of Monolithic HC-SCR 
MWCNTs-based Catalysts. 
 
8.1. Introduction. 
In the late 1960s, stimulated by regulations limiting automobile emissions introduced in 
the state of California, the car industry began to research and develop pollution abatement 
technologies for auto-exhausts. The U.S. Clean Air Act of 1970 expedited this process, 
forcing automakers to not only develop active, selective and durable catalysts able to curb 
automotive contaminants, but to provide for the incorporation of these formulations into 
the already complex makeup of internal combustion engine vehicles. The answer was 
found in the introduction of catalytic mufflers into the auto-exhaust line [240]. However, 
this approach involved a series of engineering challenges. First and foremost, it was 
essential to minimize the backpressure caused by the presence of a catalytic reactor in 
order to avoid negatively impacting engine performance. Further, it was necessary to 
endow catalysts with the sturdiness necessary for them to retain their physical integrity in 
the extreme environment of the exhaust.  
 
When trying to solve the problem of housing a catalyst in the exhaust, one of the first 
proposals was to utilize alumina spheres (∼1/6 in. in diameter) as the carrier for both 
stabilizers and precious metals, the latter being the catalytically active component. 
Catalysts had been traditionally manufactured in this form for years, so the packing of 
these “beads” into a reactor bed to be placed downstream of the engine and right before 
the acoustic muffler appeared to be the logical answer. In time, it was observed that the 
attrition experienced by the alumina particles in these beaded formulations unacceptably 
undermined the durability of the catalysts, which prompted the search for alternatives.  
 
The answer was found in monolith reactors with parallel open channels whose cross-
section looks like (and thus is called) a honeycomb. The name suggests the shape of the 
channels to be hexagonal, although they may be triangular, square or circular. Since 
mechanical strength and resistance to thermal shock are indispensable, ceramic was the 
material of choice from the onset of the monolithic honeycomb catalyst era. Cordierite (a 
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ceramic material with the approximate composition 2MgO · 5SiO2 · 2Al2O3) quickly 
became an industry staple due to its very low thermal expansion. Nevertheless, metal 
monoliths were also developed, mostly in the form of rolls of corrugated sheets of 
stainless steel. Besides their chemical composition, the dimensions of the monoliths were 
also found to be critical to achieve both a satisfactory performance and an adequate 
durability.  Thus, to increase the geometric surface area available for the occurrence of 
mass tranfer-controlled reactions, ceramic monoliths are typically made to have at least 
300-400 cells per square inch (cpsi) in their cross-section, with wall thicknesses of ca. 
0.15 mm and channels around 1.5 mm in diameter, corresponding to a ∼70 % open 
frontal area. Metal monliths tend to incorporate thinner walls, which allow for greater cell 
densities (>400 cpsi) and open frontal areas of ∼90 % [2]. 
 
The catalytically active phase is introduced to these monoliths via standard techniques 
known as washcoating. One approach involves the preparation of slurry containing a high 
surface area support (typically γ-alumina) as well as additives (precious metals, 
promoters, stabilizers, etc.) into which the ceramic monolith is plunged. This slurry 
covers and bonds to the porous ceramic surface of the monolith, which is then dried and 
calcined in air at around 500 ºC to guarantee a satisfactory adherence between washcoat 
and monolith. An alternative method used to manufacture a honeycomb catalyst is to first 
washcoat the monolith with the bare alumina support, and subsequently submerge the 
resulting washcoated honeycomb into impregnating solutions containing the additives. 
Given that an excessively thick washcoat can lead to mass transfer limitations and an 
extremely thin washcoat is prone to be deactivated by the deposition of contaminants, the 
thickness of the washcoat is the result of a compromise and typically averages ∼30 µm. 
 
In our work, monolithic catalysts with fMWCNTs as the high surface area support and 
PGMs as the catalytically active phase were prepared and tested on a diesel engine for 
activity in the HC-SCR reaction. As mentioned in Chapter 2, MWCNTs possess an 
exceptional advantage over other support materials in heterogenous catalysts, namely, the 
ability to be grown on substrates of complex shape. Thus, the in situ growth of MWCNTs 
on the inner channels of a stainless steel monolith was investigated as the first step in the 
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preparation of PGMs/fMWCNTs/metal monolith catalysts. Additional work was 
performed to address the issue of metal monolith-grown MWCNT functionalization, as 
well as the subsequent deposition of PGMs onto the resulting fMWCNTs. Finally, the 
resulting monolithic catalysts were tested so the effects of temperature, space velocity 
and C:NOx ratio of the exhaust on catalytic performance could be assessed. 
 
8.2. Experimental methods. 
8.2.1. Growth of MWCNTs on a metal monolith. 
A stainless steel 300 cpsi metal monolith (DCL, Inc., Toronto, ON) of cylindrical shape 
(r=4 cm, h=10 cm, V=0.41 L) was packed into a fused quartz horizontal reactor and 
placed in an electric furnace. Argon was flowed through the metal monolith while the 
temperature of the reactor was raised to 800 ºC. Once this temperature was reached, the 
flow of argon was switched to a flow of 10 % H2 in Ar and a saturated solution of 
ferrocene in xylenes was fed into the reactor for 1 h. The system was then allowed to cool 
to room temperature under an inert atmosphere. The reactor was then turned around and 
the run was repeated to ensure MWCNT growth throughout the entire inside of the 
monolith. On average, two runs yielded 7.7 g of metal monolith-supported MWCNTs. 
 
8.2.2. Functionalization of metal monolith-grown MWCNTs with 0.5 % NO2 in N2. 
A stainless steel 300 cpsi metal monolith coated with MWCNTs was packed into a fused 
quartz horizontal reactor placed in an electric furnace. Nitrogen was flowed through the 
metal monolith while the temperature of the reactor was raised to 300 ºC. Once this 
temperature was reached, the flow of nitrogen was switched to 0.5 % NO2 in N2 and the 
flow maintained for 1 h. The system was then allowed to cool to room temperature under 
inert atmosphere. The reactor was then turned around and the run was repeated to ensure 
MWCNT functionalization throughout the entire inside of the monolith.  
 
8.2.3. PGM deposition on NO2-functionalized monolith-grown MWCNTs via the polyol 
method. 
The appropriate amount of metal precursor(s) (H2PtCl6 · 6H2O or H2PtCl6 · 6H2O and 
RhNO3) was dissolved in ethylene glycol and the resulting solution was stirred for 15 
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min. A NO2-functionalized MWCNTs-coated 300 cpsi stainless steel monolith was then 
dipped in the solution and the stirring continued for 15 min.  The system was then heated 
to 160 ºC and kept at this temperature for 1.5 h, after which the monolith was turned 
upside down and the temperature maintained at 160 ºC for a further 1.5 h. The monolith 
was then drained, dried, washed with deionized water, and dried again. Using this 
method, both a monometallic and a bimetallic monolithic catalyst were prepared. The 
monometallic catalyst was determined to contain 58 g Pt/cuft, whereas the bimetallic 
catalyst was found to contain 69 g 3:1 Pt-Rh/cuft. 
 
8.2.4. Scanning Transmission Electron Microscopy (SEM) analysis. 
Prior to analysis, samples were submitted to a standard gold coating procedure. SEM 
observations were performed using a Hitachi-S2700 instrument equipped with a LaB6 
electron gun working at 15 KeV. 
 
8.2.5. Determination of the precious metal content of PGM/NO2-fMWCNTs/metal 
monolith catalysts. 
To determine the precious metal density of PGM/NO2-fMWCNTs/metal monolith 
catalysts, the filtrate and washings from the preparations were collected, analyzed via 
PIXE, and the amount of metal successfully deposited was calculated by difference. Prior 
to PIXE analysis, the samples were poured into an 8 mL Teflon cup and covered with a 
Kapton film through which the sample was irradiated. 
 
8.2.6. Testing of monolithic catalysts in a diesel engine. 
Tests were conducted at Oak Ridge National Laboratory, in the Fuels, Engines, and 
Emissions Research Center. A Mercedes OM668 4-cylinder, 1.7-liter common-rail diesel 
engine was coupled to a motoring DC dynamometer. The engine, which is a 1999 model 
used in the Mercedes A170 in Europe, has a bore and stroke of 80 mm and 84 mm 
respectively, and it has a rated power output of 66kW (89 hp) at 4200 rpm. Modifications 
to the engine included the addition of an electronic intake throttle, an electronically 
controlled high flow exhaust gas recirculation (EGR) valve (in lieu of the stock vacuum-
operated valve), and an EGR cooler [241]. Additionally, the factory engine control 
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module was replaced with a rapid development engine controller based on a dSpace® 
MicroAutoBox. This rapid development system (RDS) was developed in partnership with 
Ricardo, Inc., and provides complete control over all engine electronics, including timing, 
duration, and number of fuel injection events, fuel rail pressure, intake throttle, EGR 
valve, and turbocharger wastegate.  
 
Temperature sweep experiments were performed by increasing the engine load in 
stepwise fashion at fixed engine speed (1500 rpm). No EGR was employed. The catalyst 
volume was 0.41 L. Experiments were conducted at gas hourly space velocities (GHSVs) 
of either 30,000 or 50,000  h-1; to obtain the desired exhaust gas flows, a slipstream was 
taken from the main exhaust flow. In the experiments propene was used as the reductant, 
supplied externally from a gas cylinder. The propene was injected at a distance of ~15" 
upstream of the catalyst face, in a turbulent area immediately downstream of the split in 
the exhaust to the slipstream. The mixed gas passed through an elbow and expansion 
cone (from 2.5" pipe to 3.5" pipe) prior to the catalyst.  To monitor the temperature 
across the catalyst, thermocouples were placed approximately 2" from the front catalyst 
face and about 1.5" from the catalyst face on the downstream side.  
  
Dual conventional emissions benches were used for raw exhaust sampling. These 
benches use California Analytical Instruments® (CAI) non-dispersive infrared (NDIR) 
analyzers for carbon monoxide (CO) and carbon dioxide (CO2), heated 
chemiluminescence detectors (HCLD) for NOx, and heated flame ionization detectors 
(HFID) for total hydrocarbons (HC). A Nicolet Rega 7000 Fourier Transform InfraRed 
(FTIR) analyzer was used for quantifying nitrous oxide (N2O) in the diluted exhaust.  
 
feed concentrations varied with engine set point, however, measured concentrations 
typically fell within the following ranges: 100-1000 ppm for NO, 0-100 ppm for NO2, 6-
13 % for CO2, 0-1400 ppm for CO, 25-90 ppm for HC, and 5-14 % for H2O.  
 
The experimental methods used for TEM, TEM-EDS, TGA, XPS, porosity and surface 
analyses have already been described in Chapter 3.  
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8.3. Preparation and characterization of monolithic catalysts. 
8.3.1. Growth of MWCNTs on a metal monolith. 
In order to verify the feasibility of supporting MWCNTs on automotive monoliths, the 
growth of MWCNTs was attempted on a commercial 3” x 4” metallic monolith (300 cpsi, 
obtained from DCL Int. Inc.). In a typical experiment, the monolith was placed inside a 
nanotube synthesis reactor, consisting of a quartz tube reactor surrounded by a tube 
furnace. After purging the system with inert gas, a solution of ferrocene in xylenes was 
continuously introduced at a rate of 13 mL/hr via a syringe pump into a pre-heat section 
maintained at 200 ºC. The xylenes/ferrocene vapors produced in this pre-heater were 
carried into the main part of the reactor, maintained 800 ºC, by a flow of 10 % H2/N2. The 
walls of the monolith provide a surface on which MWCNTs grow perpendicularly in 
parallel alignment. At the end of the run, the system was allowed to cool to room 
temperature and the monolith recovered and weighed. The weight of the grown 
MWCNTs was then calculated by subtracting the weight of the monolith prior to the run 
and averaged 7.7 g. Visual inspection revealed the presence of a continuous and 
apparently uniform coating of MWCNTs on the monolith. SEM measurements were 
subsequently performed in order to characterize the morphology of the supported 
MWCNTs. Figure 8.1 shows a photograph of the coated monolith and a SEM image of 
the MWCNT coating which reveals the high degree of nanotube alignment.  
 
 
Figure 8.1. Photograph of a metal monolith coated with MWCNTs and SEM image 
of the MWCNTs showing their alignment. 
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8.3.2. Precious metal deposition on monolith-grown MWCNTs. 
The most promising low temperature HC-SCR formulations prepared in this project 
utilized functionalized multi-walled carbon nanotubes (fMWCNTs) as the catalyst 
support and impregnation as the preparation method. However, it proved possible to 
prepare catalysts of fairly comparable performance using a polyol method for precious 
metal deposition and/or by using pristine MWCNTs as the support (at low Pt loadings). 
This is particularly fortunate when trying to deposit precious metals on metal monolith-
grown MWCNTs, given that any attempt to functionalize the supported nanotubes with 
mineral acids would corrode the monolith, thus compromising its physical integrity. 
Further, the use of the impregnation method is discouraged since the evaporation of the 
solvent would lead to a gradient in the PGM precursor concentration and result in poor 
metal dispersion. Therefore, the effectiveness of the polyol method to deposit Pt particles 
on untreated monolith-grown MWCNTs was investigated, since this approach would 
eliminate the need for MWCNT functionalization. 
 
A recently published modified polyol method [242] was first followed. This method 
involves dissolving chloroplatinic acid (CPA) in ethylene glycol (EG) and heating the 
resulting solution in order to reduce the metal and produce a colloid, which is then put in 
contact with the support (monolith-grown MWCNTs in this case). However, when this 
method was attempted, a problem immediately arose: the colloidal particles tended to 
aggregate and precipitate from the suspension.  Given that this would negatively affect 
the Pt particle size of the product, it was decided to place the CPA in EG solution in 
contact with the support before carrying out the reduction. By so doing, colloidal Pt 
particles might be anchored by the support as soon as they formed, avoiding their 
aggregation and improving the metal dispersion in the final product. Unfortunately, the 
problem described above persisted, indicating that although Pt particles were forming, 
they were not being deposited on the support. Indeed, when the metal loading of the 
products of these two preparations was determined by means of PIXE, the Pt content was 
considerably below that targeted. In an attempt to confirm the conclusions gathered from 
the PIXE analyses, some of the scraped material was observed under the transmission 
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electron microscope. As can be seen in Figure 8.2, some relatively large particles (~ 20 
nm in diameter) were observed and confirmed to be Pt by means of TEM-EDS.  
 
 
Figure 8.2. TEM image of a Pt/MWCNTs/metal monolith catalyst and EDS 
spectrum of the area highlighted in red. An iron particle (the catalyst used in the 
production of the MWCNTs) is highlighted in green. 
 
Particles as small as 2 nm in diameter were also observed (see Figure 8.3), but their size 
impeded their elemental analysis by means of TEM-EDS. In general, however, relatively 
few Pt particles were found, consistent with the elemental analysis results. 
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Figure 8.3. TEM image of a Pt/MWCNTs/metal monolith catalyst showing both Pt 
metal particles of 2-5 nm in diameter (red) and iron catalyst particles remaining 
from the MWCNT synthesis (green). 
 
Evidently, acid activation of the MWCNTs is a prerequisite for the deposition of high 
concentrations of Pt particles on nanotubes via the polyol method, as has been reported 
by some researchers [169]. Acid activation introduces functionalities which can anchor Pt 
ions prior to their reduction, thus facilitating metal deposition and improving the 
dispersion at high Pt loadings. 
 
8.3.3. Activation of monolith-grown MWCNTs. 
In Chapter 5, it has been shown that the use of functionalized MWCNTs as catalyst 
support yields formulations with improved HC-SCR performance. Further, as described 
above, activation of the MWCNT support is necessary to obtain precious metals 
deposition on the surface of the monolith-tethered MWCNTs. With this in mind and 
without forgetting that the use of mineral acids would be detrimental to the metal 
monolith, the surface modification of the monolith-grown MWCNTs was attempted 
using alternative methods. A first attempt was made to activate MWCNTs with the use of 
an oxygen plasma. Unfortunately, this process was found to be generally ineffective.  
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A second attempt was made following a recent report in the literature concerning the use 
of polyethyleneimine (PEI) as a functionalizing agent for MWCNTs [242], in which a 
three-step approach was used to prepare a Pt/fMWCNTs/metal monolith catalyst. The 
first step involved the adsorption of PEI on the surface of the MWCNTs as a means to 
functionalize them. In the second step, the PEI-fMWCNTs/metal monolith was contacted 
with an aqueous CPA solution, aiming for the anchoring of the Pt to the functionalities 
introduced in the first step.  In the third and last step, H2 was flowed through the device at 
350 °C, trying to accomplish both the reduction of the metal and the elimination of the 
PEI. Unfortunately, during the anchoring step the formation of a black precipitate could 
be observed, again suggesting that although Pt particles were formed, the particles failed 
to deposit on the surface of the MWCNTs. Several variations of this method were 
essayed in an attempt to achieve deposition of the Pt particles, however, the problem 
persisted.  
 
Scouting experiments examining the adsorption of a variety of alternative surfactants 
including glycolic acid, octadecyl trimethyl ammonium bromide, sodium dodecyl sulfate 
and sodium dodecyl benzene sulfonate were also performed in an attempt to functionalize 
the MWCNTs without the use of mineral acids. Unfortunately, these experiments also 
proved unsuccessful. 
 
In view of this, the use of NO2 was investigated as a means to functionalize the monolith-
grown MWCNTs prior to Pt deposition by the polyol method. Preliminary TGA studies 
were performed in order to determine the feasibility of this nanotube activation method. 
In these experiments, pristine MWCNTs were exposed to a flow of 0.5 % NO2 in N2, 
ramped to a given temperature at a rate of 5 ºC/min and kept at this temperature for 3 or 6 
h. Figure 8.4 shows the results of these experiments.  
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Figure 8.4. Combined TGA plot of MWCNTs thermally treated under a flow of  
0.5 % NO2 balance N2 (all samples were initially ramped to the indicated 
temperature at a rate of 5 ºC/min). 
 
From the figure, it can be seen that the treatment at 400 ºC is too aggressive, leading to an 
unacceptable weight loss in the MWCNTs. On the other hand, when this temperature was 
reduced to 250 ºC the material experienced a moderate weight gain (~1 %), consistent 
with nanotube functionalization. In an attempt to increase the latter, pristine MWCNTs 
were then treated at 300 ºC and the sample showed a weight gain of ca. 1.5 % after 3 h 
(no further weight gain was observed when the treatment was prolonged). In an attempt 
to confirm the latter result and in order to characterize the resulting material, several 
grams of pristine MWCNTs were submitted to the same treatment (a flow of 0.5 % NO2 
in N2 at 300 ºC for 3 h). Table 8.1 shows the surface properties of the resulting NO2-
fMWCNTs and compares them to those of pristine MWCNTs and fMWCNTs obtained 
by activation methods involving the use of mineral acids. 
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Table 8.1. Surface properties of pristine MWCNTs, acid treated MWCNTs and 
NO2-treated MWCNTs. 
 
Sample / treatment Surface area (m2/g) Pore volume (cm3/g) 
As synthesized nanotubes 42.1 0.182 
HNO3-treated (4 h reflux) 51.2 0.160 
1:1 H2SO4-HNO3-treated (2 h bath sonication) 46.5 0.182 
1:1 H2SO4-HNO3-treated (4 h reflux) 59.2 0.272 
0.5 % NO2-treated (3 h at 300 ºC) 51.6 0.199 
 
As the table shows, in terms of the surface area and the pore volume of the resulting 
product, a treatment involving the use of NO2 is comparable to treatments involving 
reflux in HNO3 or bath sonication in a 1:1 H2SO4-HNO3 mixture.  
 
The elemental analysis (by combustion) of the NO2-treated MWCNTs was attempted, 
however, no valuable information could be withdrawn from the results. The latter is due 
to the fact that in this method the oxygen concentration is calculated by difference and 
the calculation is complicated by the weight gain caused by the formation of the ash (iron 
oxide formed from the residual catalytic particles used in the MWCNTs synthesis). Thus, 
the elemental analysis of NO2-fMWCNTs was performed via an alternative technique, 
namely, XPS. Indeed, NO2-fMWCNTs were submitted for an XPS study of the type 
previously performed on pristine and acid treated MWCNTs (see section 3.4). These 
measurements provided information not only on the surface elemental composition of 
NO2-fMWCNTs, but also on the nature of the functional groups introduced by the NO2 
treatment. Figure 8.5 shows the O 1s region within the XPS spectra of NO2-fMWCNTs, 
while Table 8.2 shows their atomic surface composition and Table 8.3 shows the amount 
of oxygen present in different chemical states. For comparison purposes, pristine and acid 
treated MWCNTs have also been included in Tables 8.2 and 8.3 (binding energy 
assignments were based on both the X-ray Photoelectron Spectroscopy Database of the 
National Institute of Standards and Technology (NIST) [140] and previous literature 
reports [141,142]).  
 
 
 172 
 
Figure 8.5. O 1s region in the XPS spectrum of NO2-fMWCNTs. 
 
 
Table 8.2. Elemental surface analysis (by XPS) of pristine, NO2-treated and acid-
treated MWCNTs. 
 
Sample / treatment 
at.%C 
from C 
1s 
at.%N 
from N 
1s  
at.%S 
from S 
2p 
at.%O 
from O 
1s 
As synthesized nanotubes 95.2 0.3 - 4.5 
0.5 % NO2-treated (3 h at 300 ºC) 91.4 0.6 - 8.0 
1:1 H2SO4-HNO3-treated (4 h reflux) 84.6 0.7 0.1 14.6 
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Table 8.3. XPS quantification of oxygen present in different chemical states (% of 
total oxygen analyzed) calculated from O 1s peak fitting. 
 
Sample / 
treatment Fe2O3
 C-NO2 C-OH -C=O C-OO-R(H) 
As synthesized 
nanotubes 64.5 - 35.5 - - 
0.5 % NO2-treated 
(3 h at 300 ºC) 72.6 8.0 19.4 - - 
1:1 H2SO4-HNO3-
treated (4 h reflux) 18.4 2.8 - 50.9 27.9 
 
As Table 8.2 shows, the NO2 treatment causes an increase in the O and N content of the 
nanotubes and a concomitant decrease in their C content. This points to the introduction 
of O and N containing functional groups to the nanotube surface. A comparison between 
the surface composition of MWCNTs functionalized with NO2 and with 1:1 H2SO4-
HNO3 shows the latter treatment to achieve a higher degree of fuctionalization, which is 
unsurprising given the relative aggressiveness of the treatments. 
 
From the data presented in Table 8.3, the effect of NO2 on the nanotubes, particularly 
with respect to the nature of the functionalities introduced by the acid treatment can be 
inferred. First, judging from the higher amount of oxygen present as iron oxide, NO2 can 
be deemed capable of opening the nanotube tips, thus exposing and subsequently 
oxidizing residual iron particles from MWCNTs synthesis. However, this increase in 
Fe2O3 can also be due to NO2 causing a diminution in the amount of –OH present at the 
surface, which would augment the contribution of oxygen in Fe2O3 towards the total. In 
turn, the partial elimination of –OH groups can be attributed to the fact that these 
functionalities are present in defect sites on pristine MWCNTs, which would be more 
reactive towards a strong oxidizing agent such as NO2. Finally, it appears that the favored 
products of NO2 oxidation are MWCNT-tethered nitro groups, which may be introduced 
to the nanotube surface at the expense of –OH functionalities. 
 
Encouraged by these results, a MWCNTs-coated metal monolith was then submitted to 
the same conditions to obtain metal monolith-grown NO2-functionalized multiwalled 
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carbon nanotubes (NO2-fMWCNTs) onto which the deposition of Pt by the polyol 
method was subsequently attempted. Reassuringly, during the course of the metal 
deposition no colloidal particles could be seen precipitating from the suspension, 
suggesting the successful deposition of Pt onto the monolith-grown NO2-fMWCNTs. In 
order to confirm that the metal deposition had indeed taken place, a small amount of 
carbonaceous material was scrapped from the monolith and observed under the TEM. 
Figure 8.6 and Figure 8.7 show TEM micrographs for a Pt/NO2-fMWCNTs/metal 
monolith and a 3:1 Pt-Rh/NO2-fMWCNTs/metal monolith catalyst, respectively.  
 
 
Figure 8.6. TEM micrographs of Pt/NO2-fMWCNTs/metal monolith (an iron 
catalyst particle remaining from the MWCNT synthesis is highlighted in green). 
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Figure 8.7. TEM micrographs of 3:1 Pt-Rh/NO2-fMWCNTs/metal monolith (an iron 
catalyst particle remaining from the MWCNT synthesis is highlighted in green). 
 
From the figures, it is evident than in both cases metal deposition onto the monolith-
grown NO2-fMWCNTs indeed took place and that particles of ca. 5 nm in diameter were 
produced. Finally, in order to quantify the amount of metal successfully deposited, the 
washings of each preparation were analyzed via PIXE and the amount of metal deposited 
was calculated by difference. By this method, the monometallic catalyst was determined 
to contain 58 g Pt/cuft, whereas the bimetallic catalyst was found to contain 69 g 3:1 Pt-
Rh/cuft.  
 
8.4. Engine tests. 
8.4.1. Pt/NO2-fMWCNTs/metal monolith catalyst. 
Engine tests on the monolith catalysts were performed at Oak Ridge National Laboratory, 
using a 4-cylinder, 1.7-liter common-rail diesel engine coupled to a motoring DC 
dynamometer. Details of the experimental set-up have been described in the experimental 
methods section of this chapter (vide supra). To expedite the testing, and to provide a 
comparison with microreactor data collected on the powder catalyst samples, propene 
was used as the reductant, supplied externally from a gas cylinder.  Figures 8.8 and 8.9 
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summarize the results of experiments in which the average catalyst temperature was 
varied at constant space velocity (corresponding to 30,000 h-1 and 50,000 h-1, 
respectively) using a fixed C:NOx ratio of 8.    
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Figure 8.8. Results of temperature sweep for Pt/NO2-fMWCNTs/metal monolith 
catalyst. GHSV = 30,000 h-1, C:NOx = 8:1. 
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Figure 8.9. Results of temperature sweep for Pt/NO2-fMWCNTs/metal monolith 
catalyst. GHSV = 50,000 h-1, C:NOx = 8:1. 
 
From these results it is apparent that while the catalyst is moderately active for the 
conversion of CO and hydrocarbons (the latter being mostly propene), the NOx reduction 
activity is low. Rather surprisingly, NOx conversion increases with temperature up to 300 
°C, this having been fixed as the maximum operating temperature of the catalyst (in order 
to avoid any possible thermal damage). This contrasts with results obtained in 
microreactor tests (see Table 5.2), in which the temperature of maximum NO conversion 
(Tmax) was found to fall in the range 205-225 °C for MWCNT-supported Pt catalysts. 
Direct comparison of the results of powder and monolith catalyst tests are hampered by 
the considerable difference in effective space velocity used in the two types of test. In the 
latter case, the GHSV is calculated on the basis of the entire monolith volume and the 
effective GHSV is therefore much higher than for a powder catalyst sample; this alone 
may explain the difference in NOx reduction activity. Additionally, there are several other 
possible factors that may contribute to the high Tmax value: (i) the actual Pt loading may 
be lower than indicated by chemical analysis of the filtrate and washings resulting from 
the catalyst preparation (a low concentration of catalytically active sites would be 
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expected to result in a shift in the HC, CO and NOx light-off curves to higher 
temperature); (ii) the bulk Pt dispersion might be worse than indicated by TEM, which 
would again represent a low concentration of active sites; and (iii) the catalyst might have 
been inhibited by components in the exhaust gas. Note that in the case of (i), a low Pt 
loading would also result in low NOx conversion. In the case of a poor Pt dispersion, the 
NOx conversion would not necessarily be decreased according to literature data 
[29,66,75,170]; however, a shift in the Tmax to higher temperature might be expected, 
given that that this is tied to the light-off temperature of the hydrocarbon reductant. As 
regards the exhaust gas composition, while this was inevitably somewhat different to the 
feed used in the microreactor experiments, it seems unlikely that this alone could produce 
such a significant deviation in results. In order to address these issues, post mortem 
analyses were performed on the Pt and Pt-Rh monolith catalysts used in this study in an 
attempt to directly assess metal dispersions.  
 
 
Figure 8.10. Low magnification TEM micrograph of post-mortem Pt/NO2-
fMWCNTs/metal monolith (left) and a close-up of the highlighted area (right). 
 
Interestingly, the particle size distribution within the post-mortem monolithic catalysts 
appeared to be bimodal, most particles showing diameters around 5 and 20 nm (similar 
observations were made on both the monometallic and the bimetallic catalysts). It 
appears that during engine testing the catalysts experience some degree of sintering. As 
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stated above, this could potentially increase the light-off temperature of the hydrocarbon, 
which would in turn contribute to the shift of Tmax to higher temperatures. 
 
Finally, it should be noted that although the propene was injected in a turbulent area 
upstream of the catalyst, mixing may have been less than optimal. While this would not 
be expected to shift the Tmax, it would negatively affect the NOx conversion.    
 
Comparison of the data in Figures 8.8 and 8.9 reveals that increasing the space velocity 
from 30,000 h-1 to 50,000 h-1 had only a minor effect on the NOx, HC and CO conversion. 
NOx conversion peaked at around 17 % at the lower GHSV and 13.5 % at the higher 
value, while the CO and HC light-off appeared slightly better at 50,000 h-1 (as reflected 
in the temperature required for 50 % conversion); the differences were small, however, 
and may be due to a slight shift in the operating conditions. The relatively low NOx 
conversion hampered the measurement of accurate product selectivities; however, based 
on N2O concentrations measured by FT-IR (data not shown) the selectivity to N2O fell in 
the range ~35-100 %.   
 
8.4.2. 3:1 Pt-Rh/NO2-fMWCNTs/metal monolith catalyst. 
The results of temperature sweep experiments performed using the 3:1 Pt-Rh/NO2-
fMWCNTs/metal monolith catalyst are summarized in Figures 8.11 and 8.12. As before, 
space velocities of 30,000 h-1 and 50,000 h-1 were employed, respectively, at a fixed 
C:NOx value of 8.   
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Figure 8.11. Results of temperature sweep for 3:1 Pt-Rh/NO2-fMWCNTs/metal 
monolith catalyst. GHSV = 30,000 h-1, C:NOx = 8:1. 
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Figure 8.12. Results of temperature sweep for 3:1 Pt-Rh/NO2-fMWCNTs/metal 
monolith catalyst. GHSV = 50,000 h-1, C:NOx = 8:1. 
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As found for the Pt catalyst, the temperature of maximum NOx conversion for the 3:1 Pt-
Rh catalyst is shifted significantly relative to the earlier microreactor tests. From Figures 
8.11 and 8.12 a Tmax of ~270 °C is apparent, as compared to the Tmax of 200 °C reported 
in Table 5.2. In comparison to the Pt catalyst, the Pt-Rh analogue showed slightly higher 
activity for CO and HC oxidation at both space velocities examined, while the NOx 
conversion was comparable.  
 
In order to investigate the effect of the reductant:NOx ratio on catalyst performance, runs 
were conducted at fixed inlet temperature (270 °C) and space velocity (50,000 h-1). As 
shown in Figure 8.13, increasing the C:NOx ratio resulted in a progressive increase in 
NOx conversion up to a maximum value of 18 %, obtained at a C:NOx ratio of 17. Also of 
note is the observation that above a C:NOx ratio of ~14 the HC and CO conversions 
started to decline; this is likely due to the fact that at such high C:NOx ratios the catalyst 
surface is mainly covered by hydrocarbons, thereby preventing the adsorption of 
sufficient oxygen for efficient CO and HC oxidation.     
 
Figure 8.14 shows the N2O concentration measured during the foregoing experiment. Of 
note is that the N2O make declines at high C:NOx ratios, even as the NOx conversion is 
increasing. This would suggest that high hydrocarbon surface coverage inhibits N2O 
formation, which might therefore provide a means of mitigating N2O emissions during 
HC-SCR over this catalyst (albeit at increased fuel penalty). However, based on the data 
in Figure 8.14, the calculated N2O selectivity ranges from 40 % to 100 %, which is 
comparable to that observed for the corresponding powder catalyst in earlier microreactor 
experiments in which a C/NOx=1 was used. Thus, no C:NOx ratio effect on N2O 
selectivity is evinced by this particular experiment.           
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Figure 8.13. Results of C:NOx sweep for 3:1 Pt-Rh/NO2-fMWCNTs/metal monolith 
catalyst. GHSV = 50,000 h-1, T = 270-290 °C. 
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Figure 8.14. N2O make during C:NOx sweep for 3:1 Pt-Rh/NO2-fMWCNTs/metal 
monolith catalyst. GHSV = 50,000 h-1, T = 270-290 °C. 
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In summary, the results of engine tests reveal that the monolithic Pt and Pt-Rh catalysts 
are fairly active for the oxidation of CO and hydrocarbons, while NOx reduction activity 
was found to be rather low; this fact can be largely attributed to the very high effective 
space velocities used, although others factors may play a role. For the Pt-Rh catalyst NOx 
conversion increased with increasing C:NOx ratio up to a limiting value at C:NOx = 17. 
Of interest is the finding that the N2O make declines at high C:NOx ratios, even as the 
NOx conversion is increasing. This suggests that high hydrocarbon surface coverage 
inhibits N2O formation. 
 
Finally, it is worth addressing the issue of catalyst architecture. For both the Pt and Pt-Rh 
catalysts studied, the metal loadings (58 g/cuft and 69 g/cuft, respectively) are in the 
range typically employed for diesel oxidation catalysts (DOCs) used on LDD vehicles. 
However, due to the low density of the MWCNTs support, the loading of MWCNTs on 
the monolith (7 g for the 0.41 L monolith, equivalent to 17 g/L) is much lower than the 
washcoat loading of a typical DOC or HC-SCR catalyst (~100 g/L). This has two main 
consequences: (i) it necessitates the use of high metal loadings on the MWCNTs support 
(10.8 wt.% and 12.5 wt.%, respectively, for the Pt and Pt-Rh catalysts), which will tend 
to result in sub-optimal metal dispersions (in comparison with those possible at lower 
metal loadings); and (ii) the low MWCNT loading will tend to diminish the direct 
involvement of the support in catalysis (e.g., as compared to the powder catalyst samples 
tested earlier in this work). These considerations highlight the potential disadvantages of 
employing a conventional metal monolith as the catalyst substrate. A better approach 
may be to form the MWCNTs into a rigid, self-supporting foam monolith, as done for 
activated carbon in certain environmental applications [243]. This should eliminate the 
above drawbacks, potentially improving catalyst performance. 
 
In conclusion, monolithic catalysts have been prepared by growing MWCNTs on metallic 
monoliths, activating the monolith-grown MWCNTs with NO2 and depositing precious 
metals via an in situ chemical reduction process. Engine tests performed on the resulting 
monolithic Pt and Pt-Rh catalysts revealed the latter to be fairly active for the oxidation 
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of CO and hydrocarbons, while NOx reduction activity was found to be rather low. The 
can be largely attributed to the very high effective space velocities used, although other 
factors may also contribute. 
Copyright © Eduardo Santillan-Jimenez 2008 
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Chapter 9. Concluding Remarks. 
 
The Selective Catalytic Reduction of NOx using hydrocarbon reductants has been 
investigated over MWCNTs supported PGM catalysts. MWCNTs-supported formulations 
have been found to exhibit higher NOx conversion maxima at lower temperatures than 
catalysts incorporating oxidic supports. This has been tentatively attributed to the more 
reduced state in which the metallic phase is kept by MWCNTs, although additional 
XANES measurements under realistic HC-SCR conditions (an oxidative atmosphere) are 
required to verify this hypothesis. Further, the functionalization of the MWCNT support 
prior to the deposition of precious metals has been found to improve the HC-SCR 
performance of MWCNTs-based catalysts. This has been assigned to the fact that 
functionalization increases the Brønsted acidity of the carrier, which in turn enhances the 
partial oxidation of the hydrocarbon. The use of a 3:1 Pt-Rh alloy as the catalytically 
active phase can further improve the performance of fMWCNTs-supported formulations 
by optimizing hydrocarbon adsorption. Indeed, 1.5 wt.% Pt – 0.5 wt.% Rh/fMWCNTs is 
the catalyst which displays the most promising low temperature HC-SCR performance 
found in this work. 
 
The HC-SCR reaction mechanism on MWCNTs-based catalysts has been investigated by 
performing transient, kinetic and adsorption studies on Pt/fMWCNTs. Results indicate 
that the reaction includes a reverse spill-over step in which hydrocarbonaceous species 
migrate from the catalyst support to the metal. Further, it appears that the reaction 
involves CxHyOzNw intermediates whose reaction with gas phase oxygen yields the HC-
SCR reaction products. However, comparative studies on Rh and Pt-Rh catalysts could 
yield additional insights on the HC-SCR reaction mechanism on supported PGM 
formulations.  
 
A route to the monolithic MWCNTs-based HC-SCR catalysts has been devised and the 
resulting catalysts have been tested on a diesel engine. Engine tests have shown the 
monolithic catalysts to be active for both CO and hydrocarbon oxidation, although less so 
for NOx reduction. Since the cause of the latter can be the low loading of MWCNTs on 
 186 
the monoliths, this issue can be approached through studies on the monolithic catalyst 
architecture. Indeed, the use of a self-supporting MWCNTs monolith could be 
investigated as a means to increase the involvement of the MWCNT support in catalysis.  
 
Finally, studying the long-term thermal deactivation and the resistance to poisons of 
MWCNTs-based catalysts would provide valuable information vis-à-vis their durability 
and further inform the feasibility of commercially implementing this technology.   
Copyright © Eduardo Santillan-Jimenez 2008 
 187 
Appendix – List of Abbreviations. 
 
AC: activated carbon. 
AES: atomic emission spectroscopy. 
ATRIR: attenuated total reflectance infrared. 
BET: Brunnauer-Emmett-Teller. 
bfMWCNTs: base-washed functionalized multi-walled carbon nanotubes. 
CAAA: clean air act amendments.  
CNT: carbon nanotube. 
CPA: chloroplatinic acid (H2PtCl6 · 6H2O). 
CVD: chemical vapor deposition. 
DOC: diesel oxidation catalyst. 
DPF: diesel particulate filter. 
DRIFTS: diffuse reflectance infrared Fourier transform spectroscopy. 
DWCNT: double-walled carbon nanotube. 
EDS: energy dispersive X-ray spectroscopy. 
EG: ethylene glycol. 
EXAFS: extended X-ray absorption fine structure.  
fMWNCTs: functionalized multi-walled carbon nanotubes. 
FTIR: Fourier transform infrared. 
FTP: federal test procedure. 
FWHM: full width at half maximum. 
GHSV: gas hourly space velocity. 
GWP: global warming potential. 
HC: hydrocarbon. 
HC-SCR: selective catalytic reduction of NOx with hydrocarbon reductants. 
HT: high temperature. 
-I: impregnation (used after a given catalyst name to denote that the formulation has been 
prepared via impregnation). 
ICP: inductively coupled plasma. 
LDD: light duty diesel. 
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LT: low temperature. 
MS: mass spectrometry. 
MWCNTs: multi-walled carbon nanotubes. 
NH3-SCR: selective catalytic reduction of NOx with ammonia as reductant. 
NO2-fMWCNTs: multi-walled carbon nanotubes functionalized with NO2. 
NOx: nitrogen oxides (NO and NO2). 
-P: polyol (used after a given catalyst name to denote that the formulation has been 
prepared via the polyol method). 
PGMs: platinum group metals (Ru, Rh, Pd, Os, Ir, Pt). 
PIXE: proton-induced X-ray emission. 
PM: particulate matter. 
SCR: selective catalytic reduction. 
STEM: scanning transmission electron microscopy or scanning transmission electron 
microscope.  
STP: standard temperature and pressure (20 ºC, 1 atm). 
SWCNT: single-walled carbon nanotube. 
TCD: thermal conductivity detector. 
TEM: transmission electron microscopy or transmission electron microscope. 
TGA: thermogravimetric analysis. 
TOF: turnover frequency. 
TPD: temperature programmed desorption. 
TWC: three-way catalyst. 
WHSV: weight hourly space velocity. 
W/F: weight over flow. 
XAFS: X-ray absorption fine structure. 
XANES: X-ray absorption near edge structure. 
XAS: X-ray absorption spectroscopy. 
XPS: X-ray photoelectron spectroscopy. 
XRF: X-ray fluorescence. 
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